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The problem of surface contaminants on solid substrates can take many forms. In the oil 
industry, this problem takes the form of oil sludge on storage tank walls, which has the effect of 
lowering tank volumes and clogging supply pipelines. In the water treatment and supply 
industry, algae can form potentially-toxic biofilms on reservoir walls. In temperate and sub-arctic 
regions, ice accretion is a major issue for the aviation industry as it weighs down aircraft and 
adversely affects the aerodynamic characteristics of aeroplanes. Even in everyday life, the 
average person is concerned with biofilms of Streptoccocus mutans, otherwise known as dental 
plaque, for their propensity to create dental caries, halitosis, and even cardiovascular disease in 
extreme cases.  
This dissertation was inspired by a work done by Parini and Pitt (2006) on the effects of the 
impingement of equilibrium bubbles on the removal of dental plaque. It was felt that a 
comprehensive study on the characteristics of surface contaminant attachment and removal with 
respect to bubble impingement and ultrasound had to be conducted so as to study the feasibility 
of their use in industry. To do so, a wide range of investigations was carried out, including the 
effects of shear and surface roughness on algae deposition on solid substrates, the effects of 





results do not support the feasibility of using either ultrasound or bubble impingement or even 
both of them together for an efficient and effective removal of surface contaminants.  
As the investigation was proceeding, several other sub-objectives were realized. Among these 
sub-objectives was a possible method for directly measuring the impact stresses of an impinging 
bubble and the characterization of the adhesion strength of accreted ice with substrate surface 
roughness. A new semi-empirical method for estimating the size of bubbles formed in 
submerged needle nozzles was also achieved. This achievement did not only allow for a good 
degree of control of the bubble characteristics for the bubble impingement investigations, but it 
also had the side application of possibly resolving an ongoing controversy in the field of 
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1.1     Surface Foulings and Contaminants 
 
Surface foulings and contaminants are ubiquitous in everyday life. They take the form of a full 
range of chemical and biological agents, depending on the context in which the contaminants are 
found. For instance, an oil rig in the middle of the sub-Arctic tundra may consider ice to be a 
contaminant for its propensity for sticking to exposed oil rig surfaces. Likewise, a water 
treatment plant may consider microalgae to be a contaminant for its propensity to stick to walls 
of treatment tanks and pipes. 
 




Periodically these contaminants have to be removed in order to ensure the continued smooth 
operation of machinery and equipment. Severe ice accretion on helicopter blades, for instance, 
may impede the ability of the aircraft to take off and land properly. The presence of microalgae 
on the walls of water treatment tanks can poison the water supply, clog supply pipes, and reduce 
overall storage capacity of the tanks (Heath et al. 2004). 
Conventionally the removal of these fouls and contaminants involves the use of manual or 
robotic labour to physically shovel the contaminants out. While such methods are simple, they 
are not without their drawbacks. Surface contaminant removal by hand is both an unpleasant and 
potentially hazardous task due to the presence of poisonous compounds. For example, 
petrochemical sludge may contain toxic compounds such as hydrogen sulfide and benzene. 
While robotic removal might be safer, the high operating and maintenance costs of a cleaning 
robot limit its use to extremely hazardous environments where no human can safely work in 
(Heath et al. 2004). 
More advanced measures involve the use of a liquid jet to erode the contaminants away so that 
the jet liquid mixture can be easily pumped out of the tank. There has been research into the use 
of a submerged fluid jet to erode away accumulated petrochemical sludge. This erosion does not 
occur through the mechanical action of the jet directly striking the sludge itself. Rather, it is due 
to the formation of recirculation zones at the interface between the jet and the sludge as the jet 
passes over the sludge gradually erodes away the sludge (Figure 1.1) (Hamm et al. 1989). 





Figure 1.1: Removal of sludge via submerged jet. Adapted from Hamm et al. (1989). 
Other industries may also be interested in this field of research. For instance, in the shipping 
industry, shipping firms would be interested in having cost-effective ways of removing ice from 
ship hulls in polar waters (Hassan et al. 2010). Meanwhile, in the field of dentistry, the removal 
of dental plaque through the means of bubbly jets is an active field of research (Parini and Pitt 
2005, 2006). 
Cavitating bubbles can be added to these jets to increase the degree of the removal of surface 
contaminants. While the exact mechanics of this process is not clear, it is well-known that the 
collapse of cavitation bubbles close to a solid surface would result in the creation of microjets 
that propagate toward the solid surface, eroding away any surface contaminants in its way in the 
process (Klaseboer et al. 2005). Even if the bubbles do not collapse, it is known that a bubble  
 




experiencing stable cavitation will pulsate in its physical size, creating strong fluid shear forces 
that can erode away the surface contaminants (Parini and Pitt 2005). 
The main focus of this dissertation, however, is the examination of non-cavitating bubbles and 
their role in the erosion of these surface contaminants. The main inspiration for this research 
work comes from the work of Parini and Pitt (2005, 2006) that showed that passing a bubble 
plume under a glass slide coated with a biofilm of dental plaque, or Streptococcus mutans, can 
rapidly remove the biofilm. Bubbles of a median size diameter of 205 µm were created by 
passing air and saliva through a submerged 25-gauge (25G) hypodermic needle. 
These bubbles were found to have a dramatic effect on the erosion of Streptococcus mutans 
biofilms. At different impingement angles between 5 and 45 degrees, 42 – 60% of the biofilm in 
the area of impingement of the bubbles was removed within 5 seconds. There was no 
statistically-significant difference in the amount of biofilm removed with respect to the 
impingement angle (ANOVA F-Test statistical score F = 0.65). When the bubble stream was 
exposed to sonic waves between 150 and 520 Hz, the biofilm removal percentage rose to 
between 76 and 89% (Parini and Pitt 2005). The exact flow dynamics were not fully explored in 
the study, but the mathematical treatment found that the biofilm removal could be modeled to 
have a Gaussian distribution.  
These results appear to be counterintuitive for several reasons. Firstly, bubbles with an average 
diameter of 205 µm appear to be too small to be created by a 25G hypodermic needle of internal 
diameter 260 µm. Intuitively, surface tension effects should allow for much-larger bubbles to be 
created, and an examination of the available literature supports this intuition. It has been well-
established that the formation of a bubble by a submerged needle is governed by surface tension 




and has a minimum radius, also known as the Fritz radius, which could not be smaller than the 
inner radius of the needle (Corchero 2006).  Also, given the relatively low momentum of non-
cavitating bubbles and the low amount of shear they would act on solid walls upon impact, there 
should not be much biofilm removal. This is all the more so since it has been well-established 
that bubbles in the liquid jet actually significantly reduces the amount of shear upon 
impingement with a solid surface (Kawashima et al. 2004). A purely-liquid jet with no bubbles 
should thus be more effective than a bubbly jet. Finally, it does not seem intuitive that sonic 
waves with frequencies between 150 and 520 Hz could have a significant impact on the amount 
of biofilm removed. It was at first considered that the bubbles could have a natural frequency of 
vibration within this range of frequencies, and the application of an external frequency source 
could be causing the bubbles to vibrate energetically. Such a mechanism could bring about the 
efficient removal of biofilm upon the impingement of bubbles on its surface. However, a bubble 
of diameter 5.0 mm has a resonance frequency of 1.3 kHz, and as bubble diameter decreases, the 
corresponding resonance frequency increases (Zheng and James 2009). A 205 µm bubble could 
thus be expected to have a resonance frequency several orders of magnitude greater than the 150 
– 520 Hz used by Parini and Pitt. 
Their work also does not account for other possible factors such as surface roughness of the 
substrate to which the dental plaque was attached which may play a large role in the removal 
process. A greater understanding of all these factors would not only enhance our understanding 
of the dynamics of the removal of surface contaminants via bubble dynamics, it would also help 
us to apply this study to a wide range of surface contaminants.  
 




1.2     Objectives and Scope of Work 
 
The main overall objective of this entire investigation can be summarized as: the formulization 
of a set of rulesor principles to describe the removal of surface contaminants, using bubble jets 
(Figure 1.2), with and without ultrasound. In doing so we aim to come up with an equation or a 
set of equations to include all the diverse parameters that may be involved in the removal of 
surface contaminants, namely, substrate roughness, shear effects, bubble plume strength, single 
bubble characteristics, and ultrasonic effects. Failing which, it is hoped that an increased 
understanding of the effects of shear, surface roughness, bubble mechanics and ultrasound on 
surface contaminants can be obtained.   
 









The required flow of work can be summarized as follows: 
1. The effects of shear and surface roughness: These are preliminary studies on some of the 
identified parameters, including shear and surface roughness, with regards to their effects 
to surface contaminant removal and attachment to substrates. The summary of the 
preliminary investigations can be found in Chapters 2 and 3 of this dissertation. 
2. Ultrasound studies: These are studies on the effects of ultrasound on the agglomeration 
and removal of surface contaminant removal. The summary of this investigation can be 
found in Chapter 4 of this dissertation. 
3. The characteristics of impinging bubbles and bubble jets on surface contaminant 
structure: Studies on impact and shear forces on solid substrates, as well as their impact 
on surface contaminant structure. The summary of this investigation can be found in 
Chapter 5 of this dissertation. 
4. The removal of surface contaminants from an etched surface with bubbles and 
ultrasound: All the aforementioned studies are consolidated together into a two-part 
investigation to characterize the removal of surface contaminants involving all the 
identified factors. The summary of this investigation can be found in Chapter 6 of this 
dissertation. 
 













As ice is a relatively ‘clean’ surface foulant compared to crude oil sludge or biofilms of bacteria, 
this was the first contaminant that we dealt with in this investigation. We need to first understand 
the mechanics of the adhesion of ice to solid surfaces. An early work in this field of study was 
done by Raraty and Tabor (1959). Here the measurement of adhesion strength of ice onto metal 
surfaces was attempted by applying torsion to ice that has been adhered onto annular and 
cylindrical metal surfaces. Comparison of adhesion strength between this work and others is 
difficult, considering that Raraty and Tabor use the units of ‘specific adhesion’ in terms of 
kg/cm2, which does not make clear exactly what amount of stresses were involved in the 




adhesion. However, it is clear that the adhesion strength of ice onto the metal surface is higher 
than the internal forces binding the ice itself. Upon application of torsion, fracture occurs in the 
ice before it can occur in the ice-metal interface (Raraty and Tabor 1959). It has been theorized 
that the forces involved in the adhesion of ice to a solid surface are the Lifshitz-van der Waals 
dispersion force as well as the electrostatic polar Lewis acid-base force (Petrenko et al. 1998). 
These forces are the primary components of the interfacial surface tension between ice and the 
solid surface. 
It has been put forward that it is the latter component that is the more important of the two in the 
interfacial surface tension. By applying varying amounts of direct current (DC) bias to ice that is 
adhered to mercury, Petrenko et al. (1998) found that electrostatic interactions seemed to play a 
large role in the adhesion process. Other investigators seem to confirm Petrenko’s findings. One 
such investigation found that aluminium and steel plates with a small a DC bias can have their 
adhesion reduced to the level of slippery Teflon (Frankenstein et al. 2002).  
 
2.1.1 An introduction to surface roughness 
 
Surface roughness is one of the more important parameters that will be studied in this 
dissertation. Surface roughness is a measure of the degree of smoothness of the surface of an 
object, and it can be measured either via contact or non-contact methods. Contact methods 
involve the running of a stylus connected to a suitable detector over the surface of the material 
being tested. Non-contact methods involve such methods as the use of microwaves (Lu et al. 
2006) or laser diffraction methods (Gobi et al. 2007). 




Surface roughness can be characterized in many ways, but one of the simplest and most common 
is a parameter known as the mean surface roughness, Ra. Ra is simply the average of the 
deviation of the surface profile from the mean line. The accuracy of this measure depends on the 
number of data points being taken, as the following simple example shows. 
 
Figure 2.1: Determination of average surface roughness Ra. All measurements in μm. 
 
In Figure 2.1, all height measurements (y) at the nd number of data points are made in 
micrometers, or μm. Ra can then be calculated from  
å= ynR a
1  ----- (2a) 
In this investigation involving ice adhesion several samples of aluminium beams with various 
surface roughness were artificially created via sandpapering. Sandpaper of various grit sizes was 
used, and a proper surface roughness profiler (Taylor-Hobson™ PGI-400 metrology device) was 
used to measure the average surface roughness. 
2.2 Literature Survey 
Some past work has been done in the field of the effects of the surface roughness on the degree 
of adhesion of ice onto the substrate surface. It is generally agreed that increasing surface 




roughness would lead to an increase in the degree of adhesion (LaForte et al. 2002), though the 
evidence is unclear as to whether this relationship is linear or not. It has been hypothesized that 
increasing surface roughness would increase the number of ‘crevices’ and pores on the substrate 
surface. When the liquid water is applied to the substrate surface, the water enters these crevices. 
As water expands upon freezing, firm anchoring points for the ice would be created in these 
crevices, increasing the degree of adhesion through mechanical means. Interestingly, the 
experimental results suggested that even for a perfectly smooth surface with a theoretical 
smoothness of 0 µm, there would still be a small but appreciable degree of adhesion strength of 
around 0.062MPa (LaForte et al. 2002). 
Other researchers have conducted similar experiments for Type-304 stainless steel plates (Boluk 
1996). Ice adhesion strengths were tested for three different surface finishes (in decreasing 
roughness): a machined surface, a matt surface, and a highly-polished mirror surface. These 
surfaces had a value of Ra of between 127 μm and 178 μm. For these three surface finishes it was 
found that the adhesive shear strengths were 0.6 MPa, 0.26 MPa, and 0.07 MPa respectively. As 
such, an increase in the mean surface roughness by about 50µm can increase adhesion almost 
tenfold (Boluk 1996). The final value of 0.07 MPa also agrees well with the theoretical 0.062 
MPa predicted by LaForte et al. (2002), with the discrepancy being easily explained away by the 
presence of minor crevices even in the highly-polished mirror surface. 
2.3 Current Investigation 
Experimentally, an aluminium cantilever beam was clamped at one end onto an electromagnetic 
shaker, with an ice layer frozen onto the upper surface of the beam. When forced vibrations are 
induced by the shaker, a bending moment acts on the beam, leading to the formation of an 




interfacial stress at the ice–aluminium interface. It is the measurement of this interfacial stress at 
the point of adhesive debonding between the ice and the aluminium that we wish to monitor and 
measure. 
To achieve a larger bending moment and hence a higher interfacial stress σ, the beam has to be 
vibrated close to one of its natural frequencies. Based on the physical characteristics of the 
aluminium beams, we can compute the first few theoretical natural frequencies of bending 
vibration. The first three resonance frequencies are computed as follows (Meirovitch 2001): 
41 5160.3 M L
IE A l=w  ----- (2bi) 
42 0345.22 M L
IE A l=w  ----- (2bii) 
43 6972.61 M L
IE A l=w  ----- (2bii) 
For the purposes of this investigation the aluminium bar to be tested is aluminium 3003-H14, 
which is one of the most common materials used in the construction of storage tanks. The 
properties of the aluminium bars to be used can be summarized in Table 2.1. 
Elastic Modulus, Ea 68.9 GPa 
Dimensions (length L x width W x height H) (mm) 420 x 35 x 3.2 
Density  (kg/m3) 2730 
Mass M (kg) 0.128 
Second moment of area, I (m4) 9.56 x 10-11 
Table 2.1: Properties of aluminium 3003-H14 beams. 




From these values, the first three natural frequencies can be calculated as 22.8 Hz, 309.5 Hz, and 
866.6 Hz. The beam had been planned to be vibrated at the first resonance frequency of 22.8 Hz 
to ensure a minimum of energy required to induce a large amplitude of vibration to the beam, 
thus inducing fracture at the ice-aluminium interface more quickly. However, this analysis was 
based on simple cantilever beams. Considering that the ice on an ice/aluminium composite beam 
would be expected to have a damping and inertia effect on the vibration of the beam, the 
vibration frequency of the composite beam will be lowered. Owing to the complexity of the ice 
not covering the entire beam surface due to the experimental constraints for clamping the beam 
only on the metallic part as well as the bonding of the strain gauges, the first resonance 
frequency of the composite beam cannot be exactly determined from classical solutions. Thus, 
the beam will be vibrated at a frequency of around 10.0 Hz as a first estimate. 
As adhesion strength depends only on interfacial shear (Akitegetse et al. 2008), we need to 
utilize an ice layer thickness which will ensure that only shear and not bending stress is present 
during the vibration process. It is well known that shear stress is maximum and bending stress is 
zero along the neutral axis of any beam undergoing bending or vibration (Figure 2.2). 
 
Figure 2.2: The shear stress and bending moment distribution of an ice/aluminium composite 
beam. 





Taking the Young’s modulus of the ice Eice to be 9.0 MPa (Akitegetse et al. 2008), we can find 
the ice layer thickness hice as shown in Figure 2.3. 
 
Figure 2.3. The determination of the neutral axis position of a composite aluminium/ice beam. 
For a composite beam where the upper layer is composed of ice and the bottom layer is 
composed of aluminium, the distance zice of the neutral axis from the bottom face of the 
aluminium beam can be expressed as (Javan-Mashmool et al. 2006, Akitegetse et al. 2008) 
iceiceA lA l





=  ----- (2c) 
If the widths of the ice and aluminium sections are the same, the equation reduces to 
ic eic eA lA l





=  ----- (2d) 
From an observation of the geometry in Fig 2.x, 
ic eA lic eic e zhhy -+=   -----  (2e) 
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=  ----- (2g) 
 
Letting zice = hAl where hAl is the aluminium beam thickness, we make the neutral axis sit on the 
ice–aluminium interface. After some manipulation of equation 2(g), we get 
 
( ))/(311 ic eA lA lic e EEhh ++=  ----- (2h) 
 
For hAl = 3.2 mm, EAl = 68.9 GPa and Eice = 9.0 GPa, we obtain a value of 18.9 mm for hi . Thus, 
an 18.9 mm thick ice layer must be deposited on the aluminium surface. In this study, water was 
poured up to a depth of 18.0 mm to account for the fact that water expands by up to 10% in 
volume upon freezing (Vidovskii 1972). While an ice thickness of 18.9 mm may seem somewhat 
extraordinary under most conditions, such ice accretion is not unheard of in extreme tundra and 
polar conditions where humans are increasingly venturing. The Molikpaq Sakhalin offshore 
platform, for instance, routinely encounters ice accretion of thickness between 300 and 1300 mm 
on its structure (Abdelnour et al. 2006). 
Since ice acts as a damper to the vibrational motion of the aluminium beam, when the ice layer 
undergoes fracture, the vibration amplitude should be noticeably increased. It is hypothesized 
that the change will be large enough to be detected by the transducer, which will detect the 
breakage of the ice layer as a sudden spike in vertical axis acceleration. The corresponding strain 




gauge reading εint at that point in time can then be identified, allowing the interfacial stress σint to 
be calculated as 
intint es A lE=   ----- (2i) 
 
A rough schematic of the experimental setup is shown in Figure 2.4. As we have discussed 
previously, we used the method of dynamic vibration pioneered by Javan-Mashmool et al. 
(2006) with strain gauges instead of PVDF sensors. The cantilever beams and electromagnetic 
shaker are to be loaded in a chest freezer to allow a low-temperature environment for the 
experiments. 
 
Figure 2.4: Schematic of the experimental setup. 
 
Kyowa KFG-1-120-C1-23 strain gauges, which have a gauge resistance of 120.2 ± 0.2 Ω and a 
gauge factor of 2.17 (±1.0%), were used in a half-bridge setup with an appropriate commercial 
strain meter. Care was taken to ensure that the strain gauges were placed in the same locations 
for all the samples at 93 mm from the clamped end (Figure 2.5). A Bruel & Kjaer Type 4367 
piezoelectric accelerometer with a charge sensitivity of 2.20 pC/ms−2 and a voltage sensitivity of 




1.82 mV/ms−2 was used for this experiment owing to its negligible temperature sensitivity error 
in the working conditions. 
 
Figure 2.5: One of the aluminium beams. All dimensions are in mm. 
 
A Bruel & Kjaer Type 2636 charge amplifier amplified the charge sensitivity of the 
accelerometer to 9.96 pC/ms−2 before transmitting the data to the Showa- Denko CF-840 Fast 
Fourier Transform (FFT) analyzer. The FFT analyser has an absolute accuracy of ±0.5 dB in 
terms of its amplitude flatness, allowing for reasonably accurate readings. All inputs were passed 
through a Krohn-Hite Model 3905 multichannel filter with a Butterworth bandpass filter so as to 
filter out any extraneous noise. Owing to the nature and size of the clamping mechanism, the 
effective vibration length of the sample was found to be 420 mm. 
 
2.4     Preparation of aluminium samples 
 
Five samples of aluminium-3003 bars of size 450 × 35 × 3.2 mm were used in this experiment 
(Figure 2.4). For the purpose of this study, they were designated as specimens A to E. On one 
side of each bar, the entire surface area up to 350 mm from one end was designated as the test 
area for the adhesion of ice to the metal. The test areas of these bars were artificially roughened 




with sandpaper of various grades (grades 80–400) to achieve differing degrees of surface finish 
with specimen A having the greatest surface roughness and specimen E having the smoothest 
surface finish. 
The test surfaces were then washed with distilled water and carefully cleaned with 95% ethanol 
solution. Two holes were thereafter drilled to accommodate the accelerometer and clamping 
apparatus. One strain gauge was also bonded to each of the opposite sides of the samples to 
allow for half-bridge strain readings. 
 Specimen 
Reading No. A B C D E 
1 1.5733 1.3620 1.3583 0.7512 0.5619 
2 1.8838 1.3193 1.1839 0.7593 0.4960 
3 1.5969 1.4255 0.9694 0.8150 0.4486 
4 1.7333 1.4668 0.9907 0.8029 0.4847 
5 1.6238 1.4246 1.1001 0.7652 0.4702 
6 1.7965 1.5661 1.2990 0.8937 0.4325 
7 1.4521 1.2015 0.9909 0.6319 0.4775 
8 1.3406 1.3770 1.1202 0.7332 0.4881 
9 1.6369 1.4704 1.1825 0.5802 0.4128 
10 1.8546 1.3797 1.1840 0.6668 0.4503 
Mean Ra (µm) 1.65 1.40 1.14 0.74 0.47 
Standard deviation, σ 0.16 0.09 0.12 0.09 0.04 
σ as % of Ra 9.95 6.65 10.91 11.86 8.25 
Table 2.2: Surface roughness readings, Ra (µm) 
 
To take the surface roughness readings, a Taylor-HobsonTM PGI-400 metrology device was used. 
Ten random readings of the average profile roughness Ra over a distance of 20mm were taken for 
each of the five specimens A to E. As a rule of thumb, the standard deviation of the ten readings 
was kept to within 15% of the average (Table 2.2) so as to achieve a reasonably high degree of 
surface finish consistency. The output surface profile would typically resemble Figure 2.6. 





Figure 2.6: One sample surface roughness reading for specimen A. 
If any test surface failed to meet this ‘15% of the mean’ rule, the test surface would be reworked 
and cleaned again until the rule was met. A summary of the surface roughness readings for each 
sample is given in Table 2, with specimen A having an Ra of 1.65 μm and specimen E having an 
Ra of 0.47 μm. A microscopic examination of the aluminium–ice interface was attempted so as to 
give a qualitative picture of the adhesion characteristics. However, as there is no low-
temperature environment chamber within our facility, we are limited to having microscopic 
photographs of the bare aluminium samples. For each specimen, microscopic photographs were 
taken in the first 20 mm or so of the interface closer to the clamped end. The microscopic 
photograph of Specimen A at 100x magnification is shown in Figure 2.7 as an example. 
 
Figure 2.7: A close-up view of Specimen A. 




We can see that the specimens have very different striation patterns and sizes, even within the 
same specimen. Specimen A, for instance, has the widest striations on its surface, with some 
striations over 200 μm wide. These striations generally decrease in density and width with 
increasing specimen number. For specimen E, it is noted that the supposedly ‘smoothest’ 
specimen still has plenty of fine striations. These striations arose from the need to use fine 
sandpaper to smooth its surface. The sandpapering action itself contributes to these striations. 
Effort was taken to ensure that the orientation of the striations was as non-systematic and as 
randomized as possible. Care was taken to ensure that several different cross patterns existed 
across as much of the bonding area as possible, as shown for Specimen C in Figure 2.8. Several 
microscopic examinations were done at various locations across the bonding region so as to 
qualitatively assert that this non-systematic pattern was indeed the case. The absence of a 
systematic pattern would reduce the chances of any preferential adhesion direction which may 
skew the results. 
 
Figure 2.8: A close-up view of Specimen C. 
 




A small 7 mm gap was left between the strain gauge and the roughened area so as to allow space 
for Teflon-lined acrylic moulds to be affixed onto the aluminium bars using silicone to ensure a 
watertight seal. Distilled water was then poured into the moulds. After freezing, the moulds were 
carefully removed, and the ice profile was measured using Vernier calipers. A total of 18 
measurements for each sample were taken to ensure a consistent ice thickness. An example is 
shown for the first reading of Specimen A (Table 3). The electromagnetic shaker/ composite 
beam apparatus was thereafter loaded into the chest freezer to start the vibration experiments. 




free end (mm) 
Ice height 
(mm) 
1 0 19.1 10 18 18.5 
2 2 19.3 11 20 18.2 
3 4 19.0 12 22 18.4 
4 6 19.8 13 24 19.3 
5 8 18.6 14 26 19.0 
6 10 19.6 15 28 18.8 
7 12 19.3 16 30 19.6 
8 14 19.1 17 32 19.0 
9 16 18.8 18 34 19.1 
Table 2.3: Ice thickness measurements for Specimen A. 
 
2.5     Experimental procedure 
 
Each specimen underwent forced vibration several times, with the amplitude of vibration 
gradually increased each time. Each vibration session occurred for around 1 min, after which the 
equipment was shut off. A thin-blade probe of thickness 0.1 mm was then introduced at several 
points at the ice/aluminium interface around the specimen to check whether any adhesive 
breakage had occurred. If there was no detectable breakage, the vibration was continued by 
introducing a slightly higher vibration amplitude by 10 mV. This incremental method was 




carried out so that ice debonding would take place at the minimum interfacial stress required for 
it to proceed. It is observed that in vibration tests where interfacial breakage occurs, the vibration 
pattern as seen in Figure 2.8 is noted. Each specimen was vibrated several times until at least 
three readings for each specimen were obtained for which the computed interfacial stress was 
within the same order of magnitude. The debonding process was visually observed to begin near 
the clamped end and would gradually propagate down the beam. 
Owing to the complexities involved in visually observing the actual interfacial breakage process, 
the exact analysis of the vibration spectrum would be speculative at best. Indeed, it is often very 
difficult to visually the occurrence of, except through the use of the aforementioned probing 
blade. With reference to Figure 2.9, it can be presumed that processes (A)–(E) can be explained 
by the following sequence of phases. 
 
Figure 2.9: The FFT waveform when interfacial breakage occurs. CH1: strain plot. CH2: 
Accelerometer plot. 
 




(A) The original (damped) vibration of the composite beam prior to breakage. 
(B) The sudden reduction in damping leading to a peak in the accelerometer reading. 
(C) The maximum amplitude corresponds to the maximum limit of interfacial breakage as it 
propagates down the length of the composite beam. 
(D) Ice, after having undergone maximum interfacial breakage, would come down onto the 
surface of the aluminium and subject the beam to higher damping again. 
(E) A small amount of ice closer to the clamped end would remain unattached to the beam. The 
end result is that the beam’s amplitude would gradually rise to a stable maximum. 
While all of the above are hypothetical, it is clear that in the absence of debonding, the waveform 
does not have all of the above characteristics and would resemble Figure 2.10. This observation 
confirms our hypothesis that the change of vibrational amplitude upon debonding would be 
detectable by the equipment at hand. We can see that in the absence of debonding, the 
acceleration and strain characteristics would simply rise to a stable maximum without any 
sudden jumps or reductions in the accelerometer readings. A similar waveform during the 
debonding process was also observed by several other researchers (Javan-Mashmool et al. 2006, 
Akitegetse et al. 2008), albeit using a piezoelectric PVDF sensor instead of an accelerometer. 





Figure 2.10: The FFT waveform when no interfacial breakage occurs. 
 
Going back to Figure 2.9, the phase that we are interested in is phase (b), where interfacial 
breakage is visually observed to have occurred. From the FFT reading of the accelerometer at 
that point in time, we can retrieve the corresponding strain gauge reading and for different values 
of Ra yields the results in Table 2.4. 
 
A B C D E 
First reading 0.996 2.279 0.320 0.255 0.267 
Second reading 0.863 2.035 0.174 0.485 0.142 




   Fifth reading 
 
0.550 
   Sixth reading 
 
0.246 
   Average 0.783 0.407 0.232 0.296 0.192 
Table 2.4: Evaluated interfacial stress (MPa) 
 
 




2.6     Analysis 
Plotting σ against Ra yields a nearly linear relationship between interfacial stress and surface 
roughness. However, it has a linear correlation coefficient value of R2 = 0.558, which is not 
especially high and does not point to a strong linear relationship between σint and Ra. 
We do note that there are several anomalous readings that are observed for specimen B, depicted 
by the underlined values in Table 2.4. While such readings may be attributed to experimental 
error, there may well be other possible issues that we will examine later. It is worth noting that 
when these supposedly anomalous readings are removed, a better R2 value of 0.826 results 
(Figure 2.11). Other possible correlations were tested but were found to have poorer R2 values, 
and other researchers such as LaForte et al. (2002) also found evidence of a linear correlation. 
On the whole, the measured interfacial stress for all the beams is within the range of 0.142 MPa 
< σint < 2.279 MPa. For the smoothest beam (Specimen E), the measured interfacial stress is 
found to be within the range of 0.142 MPa < σint <0.267 MPa. This range of results is in good 
agreement with the 0.1 MPa < σint <1.0 MPa range that other researchers have found (Blackburn 
et al. 2000, Javan-Mashmool et al. 2006). 





Figure 2.11: The variation of interfacial stress with surface roughness. 
 
2.7     Computer simulations 
 
Commercial finite element ABAQUS CAE (Version 6.8) software was used to provide 
additional insight into the workings of the interfacial stress. While it is impossible to model the 
interfacial stress for various surface roughnesses, a simulation was carried out on an idealized 
composite beam where an 18.9 mm thick layer of ice was assumed to be permanently bonded to 
a 3.2 mm thick aluminium cantilever beam. In this simulation, the beam was vibrated at a 
frequency of 10 Hz and a maximum oscillatory amplitude of about 10 mm, which was the 
maximum amplitude observed in the experiments. The ice was made to be permanently fixed 
onto the beam surface. A total of 23456 nodes with 19320 linear hexahedral elements were used 
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Figure 2.12: Finite element analysis of ice/aluminium composite beam under oscillation. 
 
From the simulations, several observations could be made. First, it is clear that the magnitude of 
the interfacial stress varies with spatial location (Figure 2.12). A stress concentration region 
occurs at the edge of the ice/aluminium interface closer to the clamped end. This is the region 
where the strain gauges were placed. Figure 2.13 shows the quantitative variation of stress in this 
region with frequency over one oscillatory period. The colours in the figure correspond to the 
colours in the contour plot in Figure 2.13.  





Figure 2.13: The quantitative variation of stress with frequency over one oscillatory period. The 
stress is based on MPa, and the frequency is in Hz. 
 
The interfacial stress appears to vary from 0.49 MPa to 2.61 MPa in this region. Interestingly, 
this range is similar to the large observed range for specimen B. The lower value falls within the 
0.1 MPa < σ < 1.0 MPa range reported by other researchers. It is thus possible that the wide 
range of interfacial adhesion strength values corresponding to specimen B is simply the result of 
the ice debonding at very slightly different time periods. 
It also appears that even at 10 Hz, the vibration of the beam approximates the second mode of 
vibration even though this vibration frequency is less than half of the calculated frequency 
needed to vibrate a simple aluminium beam of similar dimensions at its first mode (22.8 Hz). 
Further simulations reveal that the first mode of vibration of the composite ice/aluminium beam 
is closer to 5.0 Hz. 




2.8     Discussion and limitations 
 
The presence of the striations can work either way when it comes to the degree of adhesion. The 
presence of striations increases the total surface area of contact, and subsequently the interatomic 
forces of attraction between the water and aluminium molecules. 
In addition, as was previously mentioned, these striations may act as ‘anchor sites’ for the ice to 
adhere to the aluminium (Landy and Freiberger 1967). At a temperature of −20°C, the normal 
pressure exerted by expanding ice on rigid surfaces has been found to be in excess of 117.7 MPa 
(Vidovskii 1972). Consequently, with these two factors, a greater degree of surface roughness 
would be expected to lead to a greater degree of interfacial bonding and a higher interfacial 
bonding strength. 
 
Figure 2.14: The role of surface tension in the ice adhesion process. 
 
Conversely, instead of filling the striations, the high surface tension qualities of water may 
instead cause the water to ‘stretch’ over the crevasses on the aluminium surface, thereby 
reducing the total surface area of contact between water and aluminium (Figure 2.14). On top of 




the analysis from the preceding FEM simulation, this possible scenario may account for why 
specimen B has several readings of σ which are higher than expected. In these readings, water 
may have successfully seeped into the crevasses on the aluminium surface, whereas surface 
tension ‘stretching’ may have occurred in the tests with the lower readings. The surface tension 
effect cannot be underestimated here, especially since it is occuring at a micro-scale where its 
magnitude is non-negligible. This hypothesis has support in at least one other reported study 
(Wei et al. 1996) where microbubbles were found at the ice/metal interface. To reduce the 
possibility of trapped air in the crevices, the distilled water was poured slowly, lightly agitated, 
and left to sit for a few minutes to release some of the trapped air in the form of microbubbles. 
However, such methods are by no means foolproof, and some trapped air could have remained 
within the crevices. 
In addition, one should consider that the surface roughness on the aluminium surface would 
cause the ice itself to have a surface roughness of its own on the ice/aluminium interface. Ice 
may then have stress concentration points on the interface, thereby weakening the ice structure 
and making it more prone to breakage upon being made to undergo forced vibrations. Indeed, 
some researchers have suggested that ice adhesion failures are generally initiated at such stress 
concentration points and are not generally due to failure of the intermolecular forces of attraction 
between the ice and the aluminium (Boluk 1996). 
While there have been no reported studies to correlate surface roughness to the material strength 
of ice, such studies have been conducted on porcelain (de Jager et al. 2000), which is a brittle 
material just as ice. It was found that there is a reasonably strong correlation between the surface 
roughness and the material strength of the porcelain. A higher degree of surface roughness would 
lead to a lower stress needed for the porcelain to undergo mechanical failure when subjected to 




biaxial flexion tests. From this mechanism it is thus possible for a beam with higher Ra to display 
a lower than expected reading for σ. 
It has to be noted that this study itself has limitations of its own. For instance, the strain gauges 
were placed at a distance of 7 mm from the edge of the ice block. Such a distance was necessary 
as placing the strain gauge directly between the ice and the aluminium would probably lead to 
the interfacial bonding strength between the ice and the strain gauge being measured instead. 
This was one of the biggest limitations in similar studies involving piezoelectric PVDF sensors 
(Javan-Mashmool et al. 2006; Akitegetse et al. 2008). Also, the gap was necessary to allow the 
mould to be placed over the beam and caulked in place. While this distance of 7 mm may seem 
small, the true shear strain at the point of debonding may have been slightly different from the 
measured strain. 
2.9 Conclusions 
While the investigation in this chapter dealt with a relatively uncommon surface foulant in a 
tropical climate such as Singapore, it served as a useful preliminary experiment to determine the 
correlation between the surface roughness of a solid substrate and the amount of shear stress 
required to remove a contaminant from the surface of the substrate. In the process, a new low-
cost method for studying the interfacial bonding strength between ice and aluminium has been 
developed, utilizing electromagnetic shaker vibrations with strain gauges and an accelerometer 
as transducers for measurement. There appears to be a direct relationship between the surface 
roughness of an aluminium surface and the interfacial bonding strength between aluminium and 
water that has been frozen onto it. This bonding strength was found to vary between 0.142 MPa 
and 2.279 MPa for surface roughnesses between 0.47 μm and 1.65 μm. 




However, the exact relationship between these two factors cannot be easily ascertained from this 
study owing to the relatively wide spread of data points that is obtained. From these results, it 
appears that for a generally smooth aluminium beam, the measured interfacial strength was 
between 0.142 MPa and 0.267 MPa, which is well within the 0.1 MPa to 1.0MPa range reported 
by many researchers using different methods. 
Any experimental attempt at ascertaining a correlation between surface roughness and interfacial 
bonding strength must be weighed against the fact that there are many factors that are difficult to 
control, for example, the degree of surface tension effects and the highly random nature of 
surface roughness itself. Future studies should also attempt to reduce the gap between the ice 
block and the strain gauge for more accurate measurements. That said, this study was meant as 
an attempt towards the study of ice adhesion through a relatively low-cost and simple procedure, 
and future refinements would certainly go some way towards improving its accuracy. 
In place of standard metallic-foil strain gauges, optical fiber Bragg gratings may also be used as 
a more accurate alternative at relatively low cost. The usage of these Bragg gratings as strain 
transducers is relatively new, but has already seen several applications where sensitive strain 
measurements are required, such as the field of geodynamic monitoring (Ferraro and De Natale 
2002). 
 
The results of the investigation in this chapter have since been published in Measurement 
Science and Technology journal (Hassan et al. 2010). At the conclusion of this preliminary 
investigation, the decision was made to apply the lessons and principles learnt in the 
investigation in this chapter toward the study of surface roughness and shear stress as applied to 




the field of microalgal adhesion. This was all the more important since microalgae would be the 
main surface foulant used in all subsequent investigations in this dissertation.   
 









Investigation II: Adhesion of Microalgae to Stainless 
Steel 
 
3.1     Introduction to Oscillatoria sp. microalgae 
In this second preliminary investigation, the principles and lessons learnt on the effects of 
surface roughness and shear on the attachment of ice to a solid substrate were applied to the 
attachment of Oscillatoria sp. algal filaments onto SS314 stainless steel coupons were 
investigated. Oscillatoria is a genus of cyanobacteria (also known as blue-green algae) which are 
so-called due to their ability to move in an oscillatory manner.  It is one of the most common 




cyanobacteria which can be found in many places where water is to be found, from damp soil to 
seawater to hot springs. Oscillatoria is a genus of cyanobacteria (also known as blue-green 
algae) which are named due to their ability to move in an oscillatory manner.  It is one of the 
most common cyanobacteria which can be found in many places where water is to be found, 
from damp soil to seawater to hot springs.  
There are many different species of Oscillatoria, and the one we will be investigating is 
Oscillatoria sp. This species of Oscillatoria has an average cell size of around 20 microns, and 
its filaments may grow much longer (Colwell 1997). While it is known that Oscillatoria sp. can 
form biofilms (Barranguet 2000), the exact conditions for its formation have not been fully 
understood. To date no clear systematic study has been conducted on the effects of shear and 
surface roughness on the formation of a biofilm of Oscillatoria sp. on a metal substrate. 
This poses great implications, as Oscillatoria is known to live in freshwater lakes and reservoirs 
which may be used as sources of potable water (Fosso-Kankeu et al. 2008). Even with water 
treatment, Oscillatoria is known to be resistant to chlorination and has been known to invade 
chlorinated swimming pools (Lembi et al. 1998).  Even though filters exist to sieve out blue-
green algae in the pretreatment process, it is known that Oscillatoria sp. reproduces via the 
means of fragmentation. It is plausible that each individual fragment can pass through fine sieves 
and eventually grow into larger, fully-grown adult specimens further downstream in the 
treatment process. 
The potential effects of Oscillatoria sp. on human health can be grave. It is known that 
cyanobacteria can produce cyanotoxins that are detrimental to human health. Studies have found 
that biofilms of cyanobacteria, including that of Oscillatoria sp. can form in water-bearing 




containers used by households in poorer regions around the world (Fosso-Kankeu et al. 2008). 
These biofilms, meanwhile, may act as a vector of transmission of cyanotoxins to humans 
(Fosso-Kankeu et al. 2008, Mazmouz et al. 2010). 
In addition, Oscillatoria sp. is sometimes used as a food source for the husbandry of aquatic 
snails (Hopf and Muller 1962). Knowledge of the optimum growth conditions of Oscillatoria in 
bioreactors would thus be of great interest to aquatic engineers who wish to cultivate and grow 
aquatic snails.  
 
3.2     Shear stress 
Shear stress is one of the factors that influences the attachment and detachment of algal cells 
onto solid substrates. It is well-known that increased shear would in general reduce the rate of 
biofilm growth and promote the sloughing of existing biofilm from the surface of a solid 
substrate. Rittman (1981) reported semi-empirical mathematical expressions to relate shear to the 
loss rate of biofilms. It is known that some biofilms are resistant to shear when attached to 
certain substrates, and exposure to large shear forces has been known to result in biofilms that 
gradually grow stronger and more resistant to shear over time (Lackner et al. 2009). Conversely, 
it is still unknown how much of an effect shear has on the attachment onto a solid substrate of 
Oscillatoria sp. in particular and microalgae in general. 
As was previously-mentioned, these algae exist as long filamentous strands that reproduce via 
fragmentation. Interestingly, the studies on the effect of shear on Skeletonema costatum and 
Haslea ostrearia (Vandanjon et al. 1999) found that chain breakage of the two long filamentous 
microalgae was facilitated by shear. This fact has given rise to an interesting postulation that 




shear might in fact promote the deposition of algae strands and the growth of biofilm by 
encouraging the fragmentation of Oscillatoria sp. Therefore, we aim to investigate in this study 
whether shear can in fact promote the growth of biofilm via the promotion of the fragmentation 
of long strands of Oscillatoria sp. We postulate that the effects of shear on scouring away 
deposited algae cells would outweigh its effects promoting algae growth through fragmentation.  
 
3.3     Materials and Methods 
For the purposes of this investigation, we made use of an in-house designed annular biofilm 
reactor consisting of a rotating SS314 stainless steel inner cylinder encased in a stationary acrylic 
outer cylinder with an average surface roughness Ra of 0.0055 µm. (Figures 3.1a and 3.2). As far 
as the authors are able to establish, there has been no systematic study involving the attachment 
of microalgae involving annular reactors. 
 
Figure 3.1: The annular biofilm reactor setup. (1) The spinning stainless steel drum in acrylic 
casing (2) AC motor (3) Gearbox setup (4) Motor speed control system 





Figure 3.2: A closeup at the rotating drum mechanism. 
 
The specifications of the rotating drum mechanism are summarized in Table 3.1 and Figure 3.3: 
Outer radius R2/ m 0.065 
Inner radius R1/ m 0.055 
Inner drum height/ m 0.164 
Outer rotation speed ω1/ rpm 0 
Inner rotation speed ω2/ rpm 0 – 50 
Total volume, ml 300 
Table 3.1: Specifications of annular biofilm reactor 
 





Figure 3.3: Top and side views of the rotating cylinder (not to scale). R1: Outer diameter of inner 
cylinder, R2: Inner diameter of outer cylinder. ω1: Rotational speed of inner cylinder, ω2: 
Rotational speed of outer cylinder. 
 
It should be noted that the end effects at the upper and lower ends of the cylinder may skew and 
adversely affect the shear stress acting on the wall of the inner cylinder. According to Lathrop et 
al. (1992), an aspect ratio Γ of at least 11.47 is sufficient to account for unstable end effects. In 
this investigation, we let the annular gap hann = 7.0 mm and the cylinder length Lcyl = 164.0 mm, 
for an aspect ratio Γ = Lcyl / hann = 23.4, which is well beyond the minimum threshold. Assuming 
that the cylinders are sufficiently long to disregard end effects; with negligible through flow and 
end effects, the Navier-Stokes equations for fluid flow can be reduced to Taylor-Couette flow. If 
ρw is the density of water, r is the radius from the center of the reactor, θ is the angle in the polar 
axis and vr is the tangential radial velocity, the equations defining Taylor-Couette flow are 








θ-axis:      










The boundary conditions are:
 
r = R1, v = ω1R1 ----- 3(c) 
r = R2, v = ω2R2=0 ----- 3(d) 
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In this case μ is the fluid dynamic viscosity. We can calculate the shear stress τw that is acting on 
the inner cylinder wall from equation 3(h). The values of τw with respect to rotational speed are 
summarized in Table 3.2. 












Table 3.2: Shear stress with respect to rotational speed. 
This shear analysis will be valid based on the assumption that the flow in the annular section is 
mainly laminar. To test this, a simple flow visualization experiment using coloured dye was 
conducted to allow for a qualitative insight into the conditions of the flow at several rotational 
speeds. A small thread of blue food dye of similar density and viscosity to the bulk liquid was 
introduced into the annular space at the halfway mark of the cylinder by the means of an 
extremely thin PVC tube (Figure 3.4a). The annular Reynolds number Reann is defined as (Lewis 











 ----- 3(i) 
The results are shown in Figure 3.4. 
 




Rotational speed/ rpm Reann Visualization Image 
5 212.6 
 
(a). Image at 5 rpm 
10 425.1 
 
(b). Image at 10 rpm 
15 637.7 
 
(c). Image at 15 rpm 
20 850.3 
 
(d). Image at 20 rpm 
25 1062.9 
 
(e). Image at 25 rpm 
30 1275.4 
 
(f). Image at 30 rpm 
35 1488.0 
 
(g). Image at 35 rpm 
40 1700.6 
 
(h). Image at 40 rpm 






(i). Image at 45 rpm 
50 2125.7 
 
(j). Image at 50 rpm 
Figure 3.4 (a) – (j): Flow visualization images for different rotational speeds. The flow is from 
right to left. 
 
From a qualitative analysis of the diagrams in Figure 3.4 it is clear that the flow is fully laminar 
up to 25 rpm (Reann = 1062.9), as shown by the reasonably-smooth streamlines highlighted by 
the dye. From 30 rpm (Reann = 1275.4) onwards, the flow goes into the transition regime, with a 
small degree of turbulence, as can be seen by the more chaotic regions highlighted by the dye in 
Fig 3.4(f). Even so, even at the full speed of 50 rpm (Reann = 2125.7) in Fig 3.4(j), it is clear that 
there are substantial laminar regions in the setup, as evidenced by the presence of several well-
defined streamlines of dye. Indeed, Lewis et al. (1999) defined Reann = 1.3 x 104 as the minimum 
limit for turbulence, further substantiating our assertion that flow is mainly laminar even at the 
highest rotational speed. 
Equation 3(h) for shear is thus deemed to be a reasonably-valid assumption in our case. While 
these observations are qualitative at best and have an element of subjectivity on the part of the 
experimenter, these are generally-accepted techniques known to experimentalists in the field of 
fluid mechanics (Smits and Lim 2000). 
Surface roughness is a measure of the degree of smoothness of the surface of an object. There is 
no reported study on the effect of substrate surface roughness on the growth of algal biofilms. 




One related study involves the use of several stainless steel discs of different surface finishes and 
the effects they have on the growth of bacterial biofilms (Arnold et al. 2000). However, the study 
only involved the use of non-algal biofilms and the surface roughness of the substrates used was 
not characterized. Ambiguous terms such as ‘untreated’, ‘sandblasted’, ‘sanded’ and 
‘electropolished’ were used to characterize reducing substrate roughness. Instead of such rough 
terms, we aim to use more standardized measures used in industry, in this case, the average 
surface roughness parameter Ra for the characterization of surface roughness. The characteristics 
of Ra have already been introduced in the previous chapter. 
Regardless of the shortcomings in the study of Arnold et al. (2000), it is clear that a higher 
degree of surface roughness would mean a greater degree of ‘pits’ and ‘craters’ on the substrate 
surface. These ‘pits’ and ‘craters’ may act as anchoring points for the microorganisms or bacteria 
to adhere to. Indeed, Granhag et al. (2004) found that this notion appeared to be the case, with 
rougher substrates having a higher degree of biofilm growth. In this investigation we made use of 
eight samples of stainless steel coupons with various surface roughnesses artificially created via 
sand-papering and manual sawing (Figure 3.5). These eight coupons of differing surface 
roughnesses were then manually bolted onto the inner drum with the edges covered over with 
Teflon film to reduce chaotic effects at the edges of the coupons. The coupons were bolted on 
tightly to ensure that the curvature of the coupons would conform to the curvature of the inner 
drum to minimize geometry-induced flow disturbances.  





Figure 3.5: The stainless steel coupons used. 
 
To properly characterize the surface roughness, the method devised in the previous chapter 
(Hassan et al. 2010) was used. As before, the coupons were worked with sand paper and hand 
tools and thoroughly cleaned with 95% ethanol solution and dried before being passed through a 
Taylor-Hobson™ PGI-400 metrology device. Ten readings of the average profile roughness Ra 
were taken for every coupon. To ensure consistency of surface finish, the standard deviation of 
the ten readings were kept to within 15% of the mean (Table 3.3), as was the case with the 
investigation in Chapter 2 and Hassan et al. (2010). Failing which, the coupons were reworked 
and cleaned and passed through the device again until the 15% requirement was met. While there 
were a total of eight coupons, difficulties with the manual working of stainless steel led to three 
of them having statistically-insignificant surface roughness differences. As a result, we grouped 
these three coupons into an averaged reading labeled as ‘Coupon 4’. 
 




Coupon No. 1 2 3 4 5 6 
Ra/ µm 0.801 0.851 0.899 0.948 1.060 1.309 
Standard deviation 0.03 0.01 0.07 0.05 0.04 0.09 
% of mean 3.41 1.01 7.28 5.00 3.98 6.78 
Table 3.3: Mean surface roughness readings of the coupons 
 
There are several factors that have to be taken into consideration. For instance, while efforts 
were taken to ensure that the algae was still viable and alive at the start of each experiment, there 
was bound to be some slight variations in the ages of the algae used in any one batch. Some 
algae strands might be a few days older than other algae strands in the same batch due to their 
constant reproduction during the culturing process. This factor may affect the degree of adhesion 
of algae to the substrates. Moreover, while the initial lengths of the algae strands were controlled, 
some algae strands were inevitably shorter than the others. Shorter algae strands would be 
expected to take refuge in pits and crevasses in the substrate more easily than longer strands. 
This variance was minimized via thorough agitation prior to introducing the algae into the 
reactor, but some degree of length variance was inevitable. 
The samples were then placed under a microscope and photographs taken so as to ensure that the 
samples had homogeneous surfaces (Figure 3.6). This measure would ensure a lack of a 
directional bias that may adversely affect the deposition of algae on the substrate surface. 





Figure 3.6: A closeup view of Coupon 8. 
 
The procedure involves creating 300ml of solution with n0 = 1.0 x 108 strands of algae within it. 
To do so, pure cultures of Oscillatoria sp. were first obtained from UTEX, a Culture Collection 
of Algae service provided by the University of Texas at Austin. The algae cultures were then left 
to grow for several days in a solution of BG-11 algal growth medium at 24 ± 1°C under 12-hr 
light: 12-hr dark cycle (Yusoff et al. 2001, Tung et al. 2002, Stal and Krumbein 1985). After a 
sufficient quantity of algae had been grown, a small amount was harvested, washed with 
deionized water to rinse off any residual BG-11 solution on the algae strands, and introduced into 
a screw-capped plastic culture tube filled with more deionized water. The tube was then placed 
in a vortex mixer and agitated so as to break apart any algae clumps into individual strands. The 
solution was then transferred to a larger glass jar and topped up to 300 ml. A haemocytometer 
(Neubauer™ Incyto Model DHC-N01) was used to count the number of algal cells in a 1.0 μL 




aliquot of the solution to ensure that the concentration was of the correct value, failing which, the 
solution was further diluted or concentrated as necessary. As Oscillatoria sp. is a filamentous 
algae which rarely exist as single cells, the method of Yusoff et al. (2001) was used to 
characterize the amount of algae in a sample. Here, the filament lengths were measured and a 
predefined standard measurement of 20 μm for one cell (Colwell, 1997) was used to calculate the 
number of algae cells. A YSI™ Model 63 pH/ conductivity/ temperature probe was then used to 
ensure that the pH level was kept at pH 7.0 ± 0.1 and the working temperature was kept around 
24 ± 1 °C as these factors can affect the viability and the rate of growth of the algae within the 
annular reactor (Yusoff et al. 2001). 
The solution was then introduced into the reactor and the motor was immediately switched on. 
The inner drum was rotated at a speed ω1 varying from 0 to 50 rpm in steps of 5 rpm. Two 
different motors were used; a low-speed, high-torque DC motor for speeds between 5 and 20 
rpm, and an industrial AC motor for speeds between 25 and 50 rpm.  A tachometer was used 
independently of the speed control interface to confirm the rotating speed of the motor. The 
device was left to spin for 48 hours for the algae strands to settle onto the stainless steel coupons. 
The coupons were then individually scraped with a rubber policeman and flushed into a small 
glass container. The volume V of the flushed solution in the container was carefully measured 
and homogenized in a vortex mixer. An aliquot of 1.0 μl was taken and placed into a 
haemocytometer. Photographs were then taken through the microscope and the algae cells 
manually counted. A second separate sample was then taken to ensure that the solution had been 
properly-homogenized and that the first sample was representative of the entire solution in the 
container. If the cell count in the haemocytometer can be denoted by n1, and given that the total 










 ----- 3(i) 
Difficulties were encountered in trying to ensure that the original solution that was introduced 
into the reactor had the exact count of 1.0 x 108 algal cells, and considerable effort was placed 
into getting solutions that were close enough to the required concentration (± 0.1 x 108 stands). 
One reading was made with a stationary inner drum as a control (ω1  = 0). With the exception of 
the non-rotating drum, all other parameters remained the same. The experiment was done four 
times for each rotating speed to ensure consistency of results. To account for the possibility that 
different locations on the inner drum may encounter differing flow characteristics, the locations 
of the coupons on the inner cylinder were randomized for every reading at each rotating speed. 
It has to be noted that the process of scraping and irrigating the coupons for haemocytometer 
analysis may pose problems in itself. While cell scrapers were used on the coupon surfaces, the 
depressions in the coupons had to be picked with fine needles to pick out any trapped algae. 
Even so, some algae would inevitably remain trapped in spite of repeated picking and irrigation. 
 
3.4. Results and discussion 
 
Plotting the algae counts against the shear experienced at different rotational speeds gives rise to 
Figure 3.7. Each line in this plot corresponds to each particular coupon. A more detailed plot for 
the algae counts of each coupon (including the corresponding standard deviations) is given in 
Figures 3.8(a) to (f). 





Figure 3.7:  Algae cell count vs wall shear stress 
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(b). Coupon 2 
 
(c). Coupon 3 
 
(d). Coupon 4 





(e). Coupon 5 
 
(f). Coupon 6 
Figure 3.8 (a) – (f): Average cell counts for the individual coupons. 
It is clear from Figures 3.7 and 3.8 that an increasing shear stress would lead to a reduced algae 
count on the coupons. For instance, for Coupon 6, an average of 76.14 algae cells were deposited 
on the substrate when N = 50 rpm, which is a 70.2% drop from when the reactor was not 
functioning. While strenuous efforts were made to ensure the algae filaments were all of roughly 
the same length, some of the filaments are longer or shorter than the average. Such a result is to 
be expected since shear stresses have long been postulated as an environmentally-friendly means 
of removing several different types of biofouling (Yang et al. 2011). Indeed, several 




mathematical models have been proposed that relate the rate of sloughing of biofilms to the rate 
of shear (Rittman 1982).  
It is assumed that the centrifugal forces are small compared to shear forces, as indicated by 
related studies by Lawrence et al. (2000) and Garny et al. (2008) which utilized rotational speeds 
of up to 200 rpm in their studies. Such studies have created angular velocities of up to 0.67 ms-1 
on the walls of the inner cylinder whereas our study only utilizes speeds of up to 0.30 ms-1. 
Garny et al. (2008) have also pointed out that a sufficiently-wide range of Reynolds numbers (Re 
= 213 to 2125 in our case) allows for a fair assessment in the theoretical shear acting on the inner 
cylinder wall. 
Order-of-magnitude analysis adds further credence to this assumption. It is known that an algae 
cell has a mass ma of the order of 10-13 kg (Prieto et al. 2011), physical length 20μm and a 
physical breadth of the same order of magnitude (Colwell 1997).  The centrifugal force Fcent can 
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The estimated centrifugal stresses and their comparison to the shear stresses can be shown in 
Table 3.4. 
 




N/ rpm Shear stress/ x 10-3 Nm-2 
(Order of magnitude) 




0 0 0 Not applicable 
5 3.12 0.00754 0.00242 
10 6.24 0.0302 0.00483 
15 9.36 0.0679 0.00725 
20 12.48 0.121 0.00967 
25 15.6 0.189 0.0121 
30 18.72 0.271 0.0145 
35 21.84 0.369 0.0169 
40 24.96 0.483 0.0193 
45 28.08 0.611 0.0218 
50 31.20 0.754 0.0242 
Table 3.4: Ratio of centrifugal stresses to shear stresses for each rotational speed. 
While order-of-magnitude analyses are not exact, they strongly point to the centrifugal stress 
being at least two orders of magnitude lower than that of shear stress even at the highest 
rotational speeds. While an exhaustive search of the literature has not yielded any similar 
analyses done in annular reactors, a study on the ratio of centrifugal to shear stresses on the 
particles of hard disk coatings have also yielded similar results (Zhang et al 2009). As such it is a 
fair assumption that between shear stress and centrifugal force, the former and not the latter is 
the predominant factor influencing the deposition of Oscillatoria sp. algae on the stainless steel 
coupons.  
Figure 3.7 also appears to indicate that an increasing surface roughness increases the amount of 
algae that remains anchored onto the substrates without getting sheared off by the flow. Noting 
that coupons 1 to 6 are in order of increasing roughness, the rougher coupons tend to hold the 
most algae cells over most of the surface. At increased shear rates, much of the algae on the 
smoother areas of the coupons would be sloughed off, leaving only the algae trapped in the 
roughened portions shielded from the shear effects (Figure 3.9). 





Figure 3.9: Hypothetical effects of surface roughness on the sloughing-off of algae 
 
Indeed, microscopic photography suggests that much of the algae that does get stuck onto the 
coupons occurs mainly at the rough parts of the coupons where the ‘pits’ and ‘peaks’ are. The 
algal strands tend to use these locations as ‘anchor sites’ to hold on to as well as to seek shelter 
from the shear on the wall surface (Figure 3.10). 
 
Figure 3.10: Anchoring of Oscillatoria sp. algae onto roughened substrate 





A similar analogue to this notion can be found in the adhesion of ice onto roughened metal 
substrates. Striations on metal substrates have been found to increase the interfacial bonding 
strength between metal and ice via two different mechanisms. It was previously mentioned in 
Chapter 2 that striations on metal surfaces increase the surface area of contact between the ice 
and the substrate and also provide ‘anchor sites’ for the ice crystals to latch onto (Hassan et al. 
2010). By a similar mechanism, the algae strands are surmised to have a greater surface to latch 
on to with an increased number and size of striations. Natural polysaccharide adhesives secreted 
by the algae attach it to the substrate (Adams 2001). As was previously-mentioned, the striations 
may act to prevent the shear stresses from acting on the adhesives.  
The work of Granhag et al. (2004) on the attachment and removal of Ulva linza microalgae from 
solid surfaces supports this notion. The authors in that work postulate that the depressions in the 
substrate can act as contact points for the algae to make an attachment to. These depressions are 
also postulated by the authors to act as refuge sites against hydrodynamic forces. Our 
investigation appears to lend credence to this postulation. 
With reference to Figure 3.7 and 3.8, the correlation between shear stress and algae count is not 
smooth, and at some shear levels the actual algae counts are either higher or lower than expected. 
One possible reason for this observation is the non-uniformity in the lengths of algae filaments 
used in the experiments. The longer algae strands would find it more difficult to shelter in the 
smaller crevasses in the coupon surface without being disturbed by the fluid flow.  
What is more interesting is that as the shear stress increases, the roughness of the coupons 
appears to decrease in importance as a factor in the deposition of algal strand on the coupon 




surfaces. If we were to consider the count at every degree of roughness for each shear level as 
one reading, we may easily calculate the population standard deviation for the six readings. This 
observation can be clearly seen in the standard deviation of the six different algae readings for 
every shear level as shown in Figure 3.11. 
 
Figure 3.11: Average algae cell counts vs shear stress. The error bars refer to the standard 
deviation if the six different coupons are regarded as six different readings. 
 
From Figure 3.11 it is clear that at lower shear stress levels, a varying surface roughness would 
lead to widely-varying algae counts, as seen by the relatively-large standard deviation bars at the 
two lowest shear stresses. From the third shear stress reading onwards, the error bar shrank 
perceptibly, giving the impression that surface roughness became less of a factor at higher shear 
stress levels. 
3.5  Conclusion 
A systematic study of the deposition of Oscillatoria sp. strands on different surface roughnesses 
at different rotation speeds was conducted through the novel use of established surface roughness 
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increase in substrate surface roughness leads to an increase in the amount of Oscillatoria sp. 
algal cells that have been deposited. It appears that the presence and depth of the striations 
allows for the algae strands to both take shelter against the shear flow being applied on the wall 
of the inner cylinder as well as act as an anchoring location for the algae to attach to. 
It could be argued that the surface roughness of the various coupons themselves could affect the 
amount of shear encountered by the coupon surfaces. It is well-known that if the roughness 
elements are submerged within the viscous sublayer of fluid close to the coupon surface, the flow 
is considered to be hydraulically smooth, and the roughness elements would have negligible 
bearing on the level of shear on the coupon surface (von Karman, 1931). An exhaustive search of 
the literature has not revealed any simple formula describing the thickness of the viscous 
sublayer in a rotating annulus. A semi-empirical expression was created by Nobel (1974) to 
formulate the boundary layer thickness δ on a cylinder of radius R1 and fluid velocity vf, given by 
fv
R 1258.0=d ----- 3(l) 
This formula gives the boundary thickness of between 3.5 and 11.3 mm on the coupon surface. 
The roughness elements on the coupons that were used had dimensions that were three orders of 
magnitude lower than this value. It could thus be safely assumed that the flow was hydraulically 
smooth and the roughness elements had no appreciable bearing on the stress that was 
experienced. 
It was found that a relatively small amount of shear is enough to significantly reduce the amount 
of Oscillatoria sp. that has been collected onto a stainless steel substrate. Just 0.031 Nm-2 of 
shear stress (corresponding to a rotational speed of 50 rpm) was all that was needed to reduce the 




amount of deposited algae by nearly 70%. This finding is significant as it indicates that simple 
high-pressure water hoses should be able to easily scour off Oscillatoria sp. filaments from 
stainless steel tanks. The water used for scouring may also be dosed with a high amount of 
chlorine to further increase its efficacy. Our postulate that the effects of shear on scouring away 
deposited algae cells would outweigh its effects promoting algae growth through fragmentation 
is supported by our data. This observation also raises the possibility that a small amount of shear 
is all that is needed to remove an already-formed biofilm, considering that a relatively small 
amount of shear could effectively impede biofilm formation. This is a notion that will be further 
explored in Chapter 6. 
This investigation has since been published in Water Environment Research (Hassan et al. 2012).  
 









Investigation III: The Effects of Ultrasound on 
Microalgae  
 
4.1     Introduction 
In the previous two chapters we examined the importance of surface roughness and shear stress 
in the adhesion of two different types of surface foulants and contaminants to solid substrates. 
Those investigations served to act as a preliminary step toward the next phase of our overall 
investigation, that is, the effects of ultrasound in general on microalgae structure and 
characteristics. From the data and lessons learnt from the preliminary investigations in the 
previous two chapters, we can apply the principles of surface roughness and shear and apply 
them to the use of ultrasound as a possibly-viable means of biofilm removal.  




4.2  Literature review  
From a study of the available literature, three possible mechanisms for the removal of biofilm 
were identified. These mechanisms were identified to be agglomeration of the algae, mechanical 
vibrations of the algae strands, and lysing of the individual microalgal cells. This section will 
examine each mechanism in detail. 
4.2.1     The agglomeration of microalgae by ultrasound 
Ultrasound has been proposed by some researchers as a tool for concentrating large amounts of 
floating microalgae as a means of pretreatment. Such pretreatment would theoretically allow for 
simplified filtration and subsequent treatment as a smaller amount of chlorine would be needed 
to kill off all the algae in a smaller volume of water. One such work was conducted by Bosma et 
al. (2003). Here, the authors postulated that ultrasound would lead to the concentration of algal 








Figure 4.1(a)-(c): The concentration of algal cells upon the application of an ultrasonic wave. 
Adapted from Bosma et al. (2003). 




The authors postulated that upon the application of ultrasonic waves (Figure 4.1a), the algal cells 
would tend to accumulate at the locations with the lowest vibrational amplitudes, i.e. at the nodes 
(Figure 4.1b). After some time, the algal cells would clump together at the nodes (Figure 4.1c). 
However, this situation requires the establishment of a standing wave in a closed chamber.  
Experiments conducted by Bosma et al. (2003) showed that efficiencies of over 90% in the 
concentration of microalgae could be achieved. The measured efficiency topped at 92%, and the 
authors postulated that this upper limit was the result of the limited size of the microalgae. More 
significantly, though, the authors claimed that there was no shear stress applied onto the algae, 
preventing any chance of any unwanted lysing or damage to the algal cells. This situation seems 
unlikely, since microbubbles may have been generated as a result of the application of the 
acoustic wave. The authors probably meant that any induced shear stress was small enough to be 
neglected. 
While this mechanism has been proven to work for algae suspensions in a closed chamber, no 
corresponding work appears to have been done to show that it works for algae biofilms in an 
open chamber. We hypothesize that it might be possible to agglomerate the individual 
microalgae strands at nodal points on the substrate which do not vibrate when the substrate is 
exposed to sonication due to the mode shape of the open chamber when it is made to vibrate. 
 4.2.2     The mechanical vibration of microalgae by ultrasound 
 
In conducting a search of the existing literature on the effects of ultrasound on biofilm structure, 
one has to be careful to properly distinguish between suspensions and biofilms. Studies that 
apply to algal or bacterial suspensions may not necessarily apply to biofilms, which consist of 




secreted exopolysaccharides that bind the loose particles together and onto the substrate surface 
(Nadell et al. 2009) for both cases of algal and bacterial biofilms. While bacteria and algae are 
two completely different lifeforms, the basic structure of the biofilms are very similar to each 
other. Both lifeforms secrete exopolysaccharides that bind the cells to each other and onto the 
substrate it wishes to bind itself onto. Indeed, it is a relatively common occurrence for biofilms in 
nature to contain both bacterial and algae species living in harmony within the same 
exopolysaccharide matrix (Nadell et al. 2009). 
Studies on the effects of ultrasonic waves to the detachment of biofilms have been limited thus 
far. One such study was conducted by Qian et al. (1996). While it was known that ultrasound 
could significantly enhance the efficacy of antibiotics on P.aeruginosa bacterial biofilm, it was 
not known whether the enhancement was due to the ability of the ultrasound to transmit the 
antibiotics into the biofilm efficiently, or the ability of the ultrasound to apply mechanical 
vibrations to break up the biofilm itself. It was found that ultrasound at 500 kHz and 10mW cm-2 
was not able to disrupt or disperse the biofilm, and that any small-scale agglomeration that was 
observed was due to the natural growth processes of the bacteria. While some movement of the 
individual bacterial cells was detected, this was minimal and in the order of 1 µm. The authors 
thus conclude that ultrasound could not be used to break up and disrupt the structure of biofilms. 
However, it has to be noted that the aforementioned study involved the use of planktonic 
bacterial biofilms, whereas the present study involves the use of algal biofilms, which might be 
affected by ultrasound in different manners. Algae cells could be more easily affected by 
ultrasound due to their relatively long length of at least 20 µm (Waaland et al. 1971) that are 
more-easily disturbed by a lower-frequency ultrasound. In addition, bacteria and algae have 
different modes of propagation. The bacteria have a limited degree of motility in the form of a 




single fine flagellum, whereas microalgae will actively oscillate throughout its entire length, 
allowing for active gliding via the means of surface wave propagation (Adams 2001). The more 
complex structures of microalgae could also allow the microalgae strands to be excited at various 
modes, which may be close to each other. This greater propensity for mobility may make the 
microalgae more susceptible to mechanical vibrations upon the application of an external 
frequency, allowing the individual algae strands to break free of the exopolysaccharide matrix. 
We thus postulate that it might be possible to perturb the individual strands of microalgae using 
ultrasound. Following this hypothesis, the individual strands may be given enough energy at 
their natural frequencies of vibration to disturb and disrupt the surrounding exopolysaccharides 
to allow them to break free. It is extremely difficult to model the vibration of individual strands 
of microalgae. An approximate method for estimating the natural frequency of vibration for the 
individual algae strands on the surface of solid substrates was given by Ziskind et al. (2000). 
Assuming that the strands behave with a one-degree-of-freedom model with negligible damping 







=  ----- 4(a) 
This expression was found to be valid for a wide range of substrates including glass, acrylic, and 
stainless steel (Ziskind et al. 2000) where al is the characteristic length of the algae strands on the 
surface. In our case we make use of al = 20 μm as the characteristic length, as this is the size of a 
typical algae cell established in Chapter 3. This value of al gives rise to an estimated undamped 
natural frequency of 1.45 MHz. However, this value has assumed that all the algae cells have a 




length of 20 μm, which is not necessarily true. There is a wide range of lengths that microalgae 
can take, and the damping effects of the surrounding exopolysaccharides are not known. 
 
4.2.3     The lysing of microalgae by ultrasound 
 
An exhaustive search of the available literature did not yield much in the field of the lysing of 
microalgae by ultrasound. Hutchinson (2009) claims that ultrasound can limit microalgal biofilm 
growth but does not reverse or destroy existing biofilm. The same study has proposed that 
ultrasound breaks open the gas vesicles in the microalgae cells and force the cells to sink. 
However, that proposal was based on anecdotal accounts of ultrasonic transducers installed at 
water treatment plants and not the use of proper controlled studies. 
A controlled study was conducted by Rediske et al. (2000). Pulsed ultrasound at 28.48 kHz and 
300 mW/cm2 intensity was found to significantly increase the ability of antibiotics to kill 
biofilms of Escerichia coli. Ultrasound by itself, though, had no appreciable effects on the 
numbers of viable bacteria. This finding has led the authors to conclude that ultrasound can only 
help to deliver antibiotics into the biofilms without actually damaging the bacteria itself within 
the biofilm. This assertion, however, contradicts several other studies which show that the 
greater efficacy of antibiotics after sonication was due to the ultrasound perforating the bacterial 
cell walls. Mason et al. (2003) for instance used ultrasound at 27 kHz to perforate the walls of 
the bacteria B. sbtilis. 20 litres of this bacterial suspension was sonicated over a period of 60 
minutes, leading to the inactivation of 73% of all the bacteria due to the perforation of the cell 
walls.  




While this past research work has indicated that low-frequency ultrasound has no effect on 
biofilm structure, it also has to be noted that they deal with bacterial biofilms, which may not 
necessarily have a similar structure to microalgal biofilms. As was noted by Joyce et al. (2010), 
microalgae cells contain gas vacuoles inside them which may be lysed by ultrasound. We 
postulate that with exposure to ultrasound of the right frequency, these cells may be able to break 
free of the exopolysaccharides that bind the cells to the substrate. 
To test this hypothesis, we first need to determine the theoretical natural frequencies of the gas 
vacuoles in the microalgae cells. For the sake of simplicity we can model the gas vacuoles as 
being enclosed spherical air spaces. For a given specific heat ratio of air of γ, P0 is atmospheric 
pressure, r0 is the radius of the gas vacuole, and ρw is the density of water, the natural frequency 















 ----- 4(b) 
From microscopic analysis of similar microalgae cells, the gas vacuoles are usually on the order 
of 0.35 to 4.0 µm (Fjerdingstad 1972). At this size, the natural frequency can be calculated to be 
3.28 to 9.37 MHz. However, it is extremely difficult to account for external factors such as the 
damping effect of the exopolysaccharides in the biofilm. The decision was thus made to test the 
effects of ultrasonic frequencies from 5.0 MHz to 15.0 MHz. 
4.2.4   Surface roughness effects on the sonication of microalgae biofilms 
Since surface roughness is one of the factors that have been examined in the previous chapters, 
the decision was made to test its effects on the sonication of microalgae biofilms. When there is 




roughness on the substrate, the ratio of the natural frequency of a strand of algae for the rough 















f  ----- 4(c) 
Where r is the characteristic roughness parameter, while a is the characteristic length of the 
particle on the substrate. The main difference between equations 4(a) and 4(c) arises from the 
need to model the rough substrate case as being a two-degrees-of-freedom oscillatory model as 
opposed to a one-degree-of-freedom model for the smooth case. For our purposes we let r = Ra  








=  ----- 4(d) 
From equation 4(d) it is clear that as the surface roughness of the substrate increases, the 
required natural frequency is increased as well relative to that of the smooth surface case. We 
can thus reasonably assume that as the surface roughness increases, the required frequency of 
vibration in order to agitate the microalgae strands would have to increase. At the same time, a 
rougher wall would also contain more and deeper crevices for the algae to anchor onto. As a 
result, higher frequencies may also not be enough to agitate the algae at higher frequencies. 
4.3 Preliminary experiment: The agglomeration of microalgae suspensions 
by ultrasonic waves 
 
While our primary focus is on algal biofilms, it was felt that some preliminary experiments 
needed to be done on algae suspensions as a basis of comparison with biofilms. Some 




preliminary experiments were conducted on the use of relatively-low frequency ultrasound to 
concentrate a relatively large amount of algae into a confined area. A 100 ml solution containing 
~ 2.0 x 108 algae strands was introduced into a small open-top square container of size 90 x 90 
mm. The haemocytometer protocol used in Chapter 3 was utilized to quantify the number of 
strands in the sample. The algae strands were left to settle in a loose mat at the bottom of the 
container for about 5-10 minutes. A small ultrasonic transducer (Morgan Electro Ceramics 
Model BIMPIS/6/0.6-PXS-N) was affixed to the bottom of the container. Figures 4.2 and 4.3 





Figure 4.2: Setup of the ultrasound apparatus. (a) Side View (b) Top view 
 





Figure 4.3: Schematic of the experimental setup 
 
A signal generator was used to supply a sinusoidal waveform to the power amplifier, which in 
turn amplified the signal with a gain of 20. As was noted by Joyce et al. (2010), the calometric 
power entering the container is very difficult to be held constant across a wide range of 
frequencies due to the differences in the output power and gain characteristics of the transducers 
at different frequencies. Many researchers such as Joyce et al. (2010) and Hao et al. (2004) thus 
focused on keeping the supplied electrical power to the transducer constant, which was what was 
done here as a preliminary step. 
Much of the research work that has been done in this field thus far has focused on relatively high 
supplied transducer power of 30 to 40 W. However, we aim to investigate whether relatively low 
power levels can have a beneficial effect on algae agglomeration, as a successful use of low-
power ultrasound can lead to substantial cost savings in water treatment processes. 
 




4.3.1  Preliminary experiment: Procedure 
 
For the purposes of this preliminary investigation we kept the output power to the transducer 
constant at a supplied power level of 2.5 W.  A Nikon D60 Digital Single Lens Reflex (DSLR) 
camera was positioned directly over the setup to allow for high-definition photography of the 
movement of the microalgae. The ultrasonic trough itself was placed within a light box to allow 
for clear illumination without the use of a direct camera flash that might reflect off the water 
surface (Figure 4.4).  
 
Figure 4.4: The setup for the sonication of the microalgae suspension. 
 
Photographs were taken at 30-second intervals over a period of 210s. The photographs were then 
processed and cropped with suitable image-processing software and had a 3 x 3 grid laid over 
them for easier analysis, as shown in Figure 4.5. This procedure was repeated for several values 
of low-frequency ultrasound between 20 kHz and 50 kHz in steps of 5 kHz. One control 




experiment for which the ultrasonic transducer was not turned on was also conducted to account 
for the effects of time on algae clumping (Figure 4.5). 
 
Figure 4.5: Algae distribution at time t = 0 s for the control experiment. 
 
4.3.2  Preliminary experiment: Results 
There appears to be a dramatic clumping-together of the algae. The algae appeared to congregate 
towards the center where the transducer is. At all frequencies it took as little as 30 seconds for 
such an effect to be observed, as shown in the figures below for f = 20 kHz. This observation was 
noticed at all frequencies between 20 kHz and 50 kHz inclusive (Figure 4.6). Clumping appeared 
to have taken place at a global scale, that is, across the entire surface of the trough, as opposed to 









a. 0 s 
 




d. 210 s 
Figure 4.6: The variation of algae distribution with time for f = 20 kHz  
 
While it could be argued that the microalgae strands have a natural tendency to clump together 
over time, the control experiment with no ultrasound discredits this argument. Figure 4.7 clearly 
shows no visible clumping-together of the microalgae on a large scale within the same time 
period. 
 





a. 0 s 
 




d. 210 s 
Figure 4.7: The variation of algae distribution with time for no ultrasound exposure 
 
As Figure 4.7 shows, any clumping-together of the microalgae is at most limited at a local scale, 
meaning that the microalgae tends to clump together only in small, isolated locations in the 
trough. Otherwise, the large-scale agglomeration that was observed in the experiments with 
ultrasound was not observed here. 
Since it is unlikely that a standing wave could be created in an open trough such as this, it 
appears likely that the mode shape of the trough itself when it was subjected to external 
excitation that was responsible for the agglomeration of the microalgae in the center of the 




trough.  Laser Scanning Vibrometer readings were taken of the ultrasonic trough under the three 
different transducer configurations. The trough was first drained of all water and lined with a 
reflective material for the laser. The trough was subject to scrutiny under the Polytec OFV 055 
Vibrometer. For each reading, a 64 x 64 point grid was laid over the ultrasonic trough surface. 
The laser scanner head was then left to scan the surface of the trough for the different 
frequencies. One of the mode shapes for the 20 kHz vibrational frequency can be shown below 
in Figure 4.8. 
 
Figure 4.8.: Mode shape for 20 kHz vibration frequency 
 
As Figure 4.8 shows, the mode shape of the trough suggests that the center of the trough is a 
nodal region in which algae can naturally agglomerate. However, this assertion is not definitive, 
since the vibrometer scans took place in the absence of water, which may have a dampening 
effect on the mode shape of the trough.  
 




4.3.3 Preliminary experiment: Laser vibrometer readings 
Laser Scanning Vibrometer readings were taken of the ultrasonic trough under the three different 
transducer configurations. The trough was first drained of all water and lined with a reflective 
material for the laser. The trough was subject to scrutiny under the Polytec OFV 055 Vibrometer. 
For each reading, a 64 x 64 point grid was laid over the ultrasonic trough surface. The laser 
scanner head was then left to scan the surface of the trough for the different frequencies. The 
results for the 20 kHz vibrational frequency can be shown below in Figure 4.9. 
Algae Distribution Displacement Distribution 
  
Figure 4.9: Algae distribution and displacement distribution graphs for f = 20 kHz. Red: positive 
displacement out of the paper, Green: negative displacement into the paper, Grey: zero 
displacement 
 
As can be seen, there appears to be no clear correlation between the distribution of the algae and 
the ultrasound-induced displacement. If there was a correlation, we would expect the red positive 
displacement areas to correspond directly with the algae-free regions, and the green negative 
displacement areas to correspond directly to the algae-concentrated regions.  
It has to be noted that these vibrometer readings were taken in the absence of water. The 
presence of water can produce a damping effect on the vibration of the open trough by increasing 




the damping ratio and reducing the natural frequency of vibration (Mercer, 1962). Several 
vibrometer readings were thus taken with the trough filled with 100 ml of water (Figure 4.10). 
20 kHz 
   
Figure 4.10: Algae distribution and displacement distribution graphs for 20 kHz. Red: positive 
displacement out of the paper, Green: negative displacement into the paper, Grey: zero 
displacement 
 
Figure 4.10 it is clear that there are nodal areas with zero displacement. More algae can 
agglomerate in these nodal regions as compared to the non-nodal regions, particularly the central 
regions marked with arrows in Figure 4.10. It is thus possible that the algae strands were trying 
to agglomerate in these central regions, giving rise to the algae distribution given in Figure 4.9. 
The algae distribution is also non-uniform, with some areas within the agglomerated region 
being denser than others. It is possible that the denser regions correspond to the nodal regions, 
while the less-dense areas correspond to non-nodal regions where any algae which is unable to 
enter the nodal regions remains. 
4.3.4 Preliminary experiment: Pressure distribution measurement 
While the laser vibrometer method yielded a highly detailed picture of the displacement 
distribution of the trough upon sonication, it was thought that a procedure for mapping the 
pressure distribution should be used to give a more complete picture of the characteristics of the 




trough during sonication. A needle hydrophone ( Type 8103, Brüel & Kjaer A/S) was connected 
to a Showa- Denko CF-840 Fast Fourier Transform (FFT) analyzer. The trough was filled with 
100 ml of deionized water and was switched on for a given ultrasonic frequency. For each 
frequency level, the pressure of the acoustic field could be measured from the voltage sensitivity 
level of the hydrophone provided by the manufacturer, given as 25.7 μV/Pa. Nine areas on the 
trough numbered 1 to 9 were measured for each ultrasonic frequency, as shown in Figure 4.11. 
 
Figure 4.11. The measurement locations for the pressure field measurement. 
The results of this pressure field measurement experiment are given in Figure 4.12.  





(i) Control (0kHz) 
 
(ii) 20 kHz 
 
(iii) 25 kHz 
 
(iv) 30 kHz 





(v) 35 kHz 
 
(vi) 40 kHz 
 
(vii) 45 kHz 
 
(viii) 50 kHz 
Legend (values are given in mPa):   
 
Figure 4.12 (i) – (viii). Approximate pressure distribution fields in mPa for each frequency level. 
 
We would expect the microalgae to congregate within the areas of lower pressure. In order for 
the microalgae to agglomerate in a pattern found in our experiments, we would thus expect to 
find the central area (region 5 on Figure 4.11) to have the lowest measured pressure on the 




trough surface. From an examination of Figure 4.12, this expectation was borne out in the 
pressure distributions for 25, 30, and 40 kHz. The pressure distribution fields at the other 
frequency levels did not conform to this expectation, though. Especially striking was the 
distribution for the 50 kHz ultrasonic frequency, where the central area had in fact the highest 
measured ultrasonic pressure.  
One possible reason for this apparent anomaly is the inability of the hydrophone to properly 
measure the ultrasonic pressure over a surface area smaller than its own effective measurement 
surface. There would thus be some degree of variation in the amount of ultrasonic pressure 
across the sensing area of the hydrophone. Another possible reason for this observation is the 
presence of thermal noise particularly at higher frequencies (Sherman and Butler 2007). In our 
case, as the sonication frequency was increased, the pressure distribution field did become 
further and further removed from the expected case. It is thus entirely possible that the 
hydrophone picked up extra thermal noise (Sherman and Butler 2007).      
4.3.5 Discussion 
From these preliminary experiments, ultrasound appears to be effective in the agglomeration of 
microalgae suspensions. The agglomerated microalgae can then be more easily-removed by 
mechanical methods such as scooping with a robot-controlled shovel arm. However, it is unclear 
as to the exact mechanism behind this observation. While it was thought that there was a large 
nodal area in the area of the globally-agglomerated microalgae, the laser scanning vibrometer 
readings do not appear to agree with this line of reasoning. 
This simple preliminary experiment involving microalgae suspensions may not appear to be 
directly related to our overall study of microalgae biofilms in this chapter. However, it does give 




some insights into the possible effects of ultrasound on biofilms in that it raises the possibility of 
a large-scale agglomeration of microalgae biofilms on the surface of a substrate.  
 
4.4     The effects of ultrasound on algae biofilms: experiment 
4.4.1     Experimental setup and procedure 
A major shortcoming of the studies in the previous two chapters was the relative crudeness of the 
manual method used to artificially induce varying levels of surface roughness. After much 
deliberation on etching methods, five different aluminium 3003-H14 coupons were laser-etched 
with vertical striations (Laser Marking Services Pte Ltd, Singapore). The striations in the first 
coupon were etched with a single pass of the laser. The second coupon was etched with two laser 
passes, the third coupon with three passes, and so on. This method allowed the striations for each 
coupon to be highly uniform in nature. As was the case in the previous chapters, the coupons 
were tested with a Taylor-Hobson PGI-400 metrology device to ensure that the standard 
deviation of the readings did not exceed 15% of the mean (Table 4.1). 
Reading 1 2 3 4 5 
1 0.176 1.883 4.596 5.237 5.397 
2 0.148 2.095 4.679 5.005 5.465 
3 0.165 1.921 4.512 5.210 5.342 
4 0.170 1.916 5.062 5.155 5.275 
5 0.148 2.072 5.228 5.342 5.531 
Average 0.161 1.977 4.815 5.190 5.402 
STDVP 0.011 0.088 0.279 0.111 0.090 
% of average 7.10 4.45 5.80 2.13 1.67 
Table 4.1: The surface roughness readings of the five coupons. 




The Oscillatoria sp. algal biofilms were then grown on these aluminium plates over a period of 
seven days. Similar to the biofilm reactor experiment conducted in Chapter 3, the algae was 
grown in BG-11 medium with a 12hr: 12hr light/dark cycle (Yusoff et al. 2010). 
 
Figure 4.13: The experimental schematic used in this investigation. 
 
Prior to each coupon being placed in the setup, though, a hydrophone attached to an oscilloscope 
was placed in the container (Figure 4.13). The signal generator and power amplifier were 
switched on for a given frequency f, and the voltage response V for that frequency was noted. For 
the sake of consistency we need to sonicate each coupon with the same ultrasonic power output 
at each frequency. In the preliminary experiments, only the input power, which can be different 
from the actual sonic power in water, was controlled. Such a measure, though, could lead to 
wildly-differing power outputs at each frequency level for the same level of power input. Some 
measure of ultrasonic power output control was needed to maintain consistency across all 
frequency levels. 
Ultrasonic power output per unit area is represented by Iu. In this investigation we aim to get Iu = 
300 mWcm-2, which is the same power output used by Rediske et al. (2000).The hydrophone that 




was used in this investigation (Type 8103, Brüel & Kjaer A/S) has a circular sensor of cross-
sectional diameter of 9.5 mm, which corresponds to a sensor area Au = 7.09 x 10-5 m2. 
The total ultrasonic power output Pu could be defined as 
uuu IAP =  ----- 4(e) 
Working from equation 4(e), a power intensity of 300 mWcm-2 requires a power output Pu of 
213 mW.  




=  ----- 4(f) 
Here Fu is the force of the ultrasound on the area of sonication, cu is the ultrasonic wave velocity, 
and θ is the angle of impingement of the ultrasonic waves on the area of sonication.  
To establish cu, we make use of an equation devised by Lubbers and Graaff (1998), applicable to 
water as the medium within the temperature range of 15 to 35°C: 
204.07.43.1404 TTc u -+=  ----- 4(g) 
With an ambient working temperature T of 25°C, we get a value of 1496.8 ms-1 for cu. Knowing 
the value of Pu, and assuming that the ultrasonic impingement on the hydrophone surface is 
head-on with an impingement angle θ of 180°, we can calculate the ultrasonic force Fu as 28.4 









Since Fu and Au are both known, Pa could be calculated as 4.01 Pa. Since the sensitivity of the 
hydrophone was given by the manufacturer as 25.7 μV/Pa, a voltage reading of 4.01 x 25.7 = 
103.1 μV would be registered by the FFT analyzer. It can thus be concluded that to ensure an 
ultrasonic power intensity of 300 mW cm-2 at every frequency level, the power amplifier settings 
could be adjusted as needed such that the oscilloscope reads 103.1 μV.  
 
Figure 4.14: The experimental setup used for the sonication of Oscillatoria sp. biofilms. 
 
Each coupon was then placed in the experimental setup shown in Figure 4.14. A Nikon D60 
digital single-lens reflex (DSLR) camera placed 30 cm above the coupon took a high-resolution 
photograph as a control. The power amplifier was then switched on at the biofilm-coated coupon 
was sonicated for ten minutes, with one photograph each minute. The camera was triggered 
remotely so as to prevent the setup from being shaken by manual handling. The images were 
then cropped using Paint.NET software so as to facilitate image processing. The process was 




conducted for three frequency ranges between 20 kHz and 15 MHz. The 20 kHz – 50 kHz range 
served to act as a basis of comparison with the algae suspension case, the 200 kHz – 800 kHz 
range served to test the ability of ultrasound to physically move the strands of microalgae 
around, while the 5 – 15 MHz range served to test the ability of the ultrasound to break down the 
biofilm by lysing the individual microalgae cells. 
4.4.2  Experimental results  
On a macro scale, there was no discernible change in the structure of the biofilm across all 
coupons and frequency levels. For the first frequency range of 20 – 50 kHz, there was no visible 
movement or removal of the microalgae strands from the coupon surface.  Figure 4.15 shows the 
progression of one of the coupons being sonicated for ten minutes at an ultrasonic frequency of 
20 kHz. 
 
(a). 0 min 
 
(b). 1 minute 





(c). 5 minutes 
 
(d). 10 minutes 
Figure 4.15 (a) – (d): The progression of the biofilm on Coupon 5 over ten minutes of sonication 
at 20 kHz. 
 
It is clear from Figure 4.15 that this range of frequencies was insufficient to move the algae 
around in a manner similar to the case with microalgae suspensions. Even if there is any micro-
scale movement of the individual microalgae filaments, it does not make ultrasound a viable 
means of large scale biofilm removal from solid substrates. 
It was hoped that the 200 – 800 kHz range would fare better at biofilm removal, but as Figure 
4.14 demonstrates, there was little visible change of the biofilm as well. 





(a). 0 min 
 
(b). 1 minute 
 
(c). 5 minutes 
 
(d). 10 minutes 
Figure 4.16 (a) – (d): The progression of the biofilm on Coupon 2 over ten minutes of sonication 
at 400 kHz. 
 
Finally, the frequency range 500 – 1500 kHz was tested, but with no visible results as well in 
terms of biofilm removal (Figure 4.17). 





(a). 0 min 
 
(b). 1 minute 
 
(c). 5 minutes 
 
(d). 10 minutes 
Figure 4.17 (a) – (d): The progression of the biofilm on Coupon 3 over ten minutes of sonication 
at 400 kHz. 
 
The effects of surface roughness on the ability of ultrasound to remove the biofilm could not be 
conclusively proven since there was no visible change in the biofilm structure regardless of the 
surface roughness. 
 




4.4.3 Visualization of water flows induced by ultrasound 
 
It was thought that besides the mode of vibration of the base of the trough, water currents 
induced by the ultrasound might be responsible for concentrating the microalgae in the center. It 
has been well-established that ultrasound can generated acoustic jet streaming in a body of water, 
with 40 kW of ultrasonic output power at 800 kHz producing jet streams with velocities between 
0.01 and 0.03 ms-1 (Kumar et al. 2006). With these figures in mind the possibility of the 
existence of acoustic jet streaming cannot be ignored. 
The trough was filled with 100 ml of deionized water and was sonicated under the same 
conditions as before. One drop of red food dye was added to the water in the center and in each 
corner of the trough. The water was then sonicated for two minutes, with photographs taken at 
time t = 0, 1, and 2 minutes. The experiment was repeated for several frequencies between 20 
and 50 kHz in steps of 5 kHz. 
Figure 4.18 shows the progression of the dye over a period of two minutes. 
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Figure 4.18. Flow of dye in the trough upon sonication. 
 
A qualitative observation of Figure 4.14 shows that there is significant movement of the water 
compared to the control case (f = 0 kHz). While the control experiment showed a small degree of 
movement of the dye, this could be explained by the natural diffusion of the dye. When the 
ultrasonic transducer was switched on, there appeared to be a net clockwise rotation of the bulk 
fluid. This observation was especially apparent for f = 25 and 40 kHz. It is thus possible that the 
acoustic jet streams could have been an influencing factor in the agglomeration of microalgae in 
the center of the trough. 





With reference to Figure 4.17, if there was any lysing of the individual microalgae cells, it was 
not enough to make a difference to the general structure and makeup of the biofilm. It may be 
argued that the ultrasonic power output was not enough to lyse the gas vacuoles in the 
microalgae cells. However, the power output is very similar to those used by other researchers in 
the field who used prokaryotic bacteria in place of microalgae. Hutchinson (2009) also claimed 
that gas vacuoles are easily breached by low-power ultrasound. It would also defeat the purpose 
of using high-powered ultrasound to remove biofilms since part of the objectives of our entire 
investigation is to study a relatively low-cost method of removing surface foulants and 
contaminants, including algal biofilms. It is possible that the vacuoles in these cells were indeed 
breached, but the surrounding exopolysaccharides acted as an effective adhesive keeping the 
cells adhered to the surface of the substrates. 
Lower-frequency ultrasound (20 to 50 kHz and 200 to 800 kHz) was also found to be insufficient 
to physically shift around the individual strains of microalgae. We postulate that the microalgae 
cells were not energetic enough to overcome the binding forces of the exopolysaccharide glue 
that binds the cells to the substrate. Theoretically, then, if it were possible to remove the 
exopolysaccharide by other means, it might be possible to remove the underlying microalgae by 
ultrasound. 
4.5 Conclusion 
In conclusion, it appears that the effectiveness of ultrasound on the removal of microalgae is 
limited to that of microalgae suspensions. Our preliminary experiments on suspensions indicated 




the agglomeration of the microalgae toward the source of the ultrasound. It was speculated that 
this process took place as a result of the individual microalgae strands migrating toward the 
region of least ultrasonic perturbation, in line with the findings of Bosma et al. (2003). However, 
the laser scanning vibrometer readings are inconclusive and do not point to a significant region 
of zero displacement in the ultrasonic trough (Figure 4.10). Had the pattern of algae 
agglomeration been caused by the presence of a large area of constant low displacement around 
the middle of the trough, that area would have been observed in the scans. 
The second ultrasonic range (200 – 800 kHz) also did not appear to be sufficient to remove the 
microalgae by physically shifting the strands around. This observation is consistent with the 
observations of Qian et al. (1996) in trying to get biofilms of Pseudomonas aeruginosa to either 
move around or fully detach from the substrate surface. It has to be noted that Qian et al. (1996) 
used ultrasound at 500 kHz at an output power intensity of 10 mW cm-2, which is about an order 
of magnitude lower than the intensity used in this investigation. It would appear that power 
output is not the main issue affecting the removal of microalgae by this mechanism.  
The removal of the biofilm by the third possible mode of lysing of algae cells also did not appear 
to work. It is possible that some cells may have been ruptured, but the exopolysaccharide glue 
would not have been affected by this rupturing and would have held the algae onto the substrate 
surface as strongly as ever. As Hutchinson (2009) noted, ultrasound does not remove or destroy 
existing biofilm but only impedes its growth. While that assertion was made on the basis of 
anecdotal evidence of sonication work at water treatment plants, it appears that this controlled 
study has served to confirm it.  




Since the ultrasound failed to remove or disrupt the biofilm at all frequencies, the effects of 
substrate roughness on biofilm removal could not be tested. It thus remains to be seen as to 
whether substrate roughness could have a major impact on biofilm removal using ultrasound. 
 
Investigation IV: The Measurement of Impact and Shear Stresses 










Investigation IV: The Measurement of Impact and 
Shear Stresses of Impinging Equilibrium Bubbles 
 
5.1     Introduction 
As was mentioned in Chapter 1, one of the primary objectives of this thesis was to identify and 
investigate the effects of equilibrium bubbles on contaminant removal. Before we can go directly 
into this investigation, though, a more fundamental objective was identified. The shear and 
impact forces of a bubble on a solid substrate have not been well-studied nor is it well-
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understood. A preliminary investigation into the mechanisms and quantification of bubble 
collisions with solid substrates was thus included in this study.  
 
5.2     The quantification of impact and shear forces via direct measurement 
The direct measurement of the impact force of impinging equilibrium bubbles and the shear 
force of sliding bubbles is of interest to researchers of several different disciplines. We have for 
instance seen how Parini and Pitt (2005, 2006) investigated the use of impinging equilibrium 
bubbles on the removal of Streptococcus mutans biofilms. These studies do not attempt to 
directly measure the impact or shear forces of the impacting bubbles, though the authors 
attempted to quantify them with theoretical calculations. 
When a bubble collides with a solid substrate, the estimated contact time tc between the bubble 





t C =  ----- 5(a) 
Here ρ is fluid density, Db is the diameter of the bubble, and σw is the interfacial tension. 
Legendre et al. (2005) used this formula to study the impact forces of falling droplets of water, 
with the fluid density being that of water. Parini and Pitt (2006) appropriated it for the use of the 
impact effects of rising bubbles, but they unusually retained ρ as the density of water, or ρw. 
While it is true that the air bubbles rise in water, it is our opinion that if we were to apply a semi-
empirical equation for a water droplet to an air analogue (i.e. an air bubble), we would have to 
use the corresponding parameters for air, including the density of air ρa. The analysis of an air 
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bubble as the gaseous analogue of a water droplet is not new, with Balasubramanian et al. (2001) 
doing a detailed review of this concept.  
A theoretical treatment of the collision of a bubble of diameter Db = 2.0 mm with a solid 
substrate at a horizontal impingement angle θ could be summarized as follows: 
From equation 5(a), for ρa = 1.2 kg m-3, Db = 2.0 x 10-3 m, and σw = 0.072 Nm-1, the collision 
time tc could be calculated as tc = 2.31 x 10-4 s. 
With the collision time known, the deceleration ab of the bubble could be calculated from 
cbbb tauv +=  ----- 5(b) 
Equation 5(b) is only valid for bubbles with constant acceleration or deceleration. In the 
formulation of equation 5(b) we assume that the bubble rises for a short distance with minimum 
external pressure change. In that case, the bubble size would remain roughly constant and the net 
upward force, and hence, acceleration, would remain constant. As we shall see in the next 
section, the average velocity of the bubble just prior to impact at a 45-degree impingement angle 
when the flow rate is 5 ml/min is 0.953 ms-1. As a result, from equation 5(b), the magnitude of ab 
could be given as -4125.4 ms-2.  
The upward force FI of the rising bubble could thus be calculated to be 
N

















 ----- 5(c) 
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Figure 5.1: Normal (FN) and shear (FS) forces of an impacting bubble 
From the force triangle in Figure 5.1, the relationship between FN , FI and FS could be described 
as 
qcosIN FF =  ----- 5d(i)  





F  ----- 5d(iii) 






=s  ----- 5(e)
 
For a bubble with these dimensions, σi is calculated to be 4.85 Pa for an impingement angle of 45 
degrees. It should be noted that the above theoretical work is based on the assumption that the 
area of impingement between the bubble and the substrate is equal to the cross-sectional area of 
the bubble. This is a controversial assumption, with Tsao and Koch (1997) claiming support for 
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it, and Parini and Pitt (2006) considering the possibility that the ‘footprint’ of the impinging 
bubble might be smaller than the equatorial cross-section of the bubble. 
It should also be noted that the aforementioned theoretical treatment does not necessarily 
correspond with direct measurements of impinging bubbles. Such measurements have 
traditionally been thwarted by the relative insensitivity of tools such as strain gauges. As such, in 
this investigation, we make use of polyvinyldefluoride (PVDF) film sensors. A PVDF sensor 
produces a small electric charge based on the piezoelectric effect when it is deformed by an 
external force. When the sensor is attached to an appropriate oscilloscope, a small amount of 
stress experienced by the sensor is registered as a small voltage spike in the oscilloscope. Based 
on this principle it can be used to measure strain to a higher degree of sensitivity than a 
conventional strain gauge. 
However, considering that PVDF sensors react only to external impact forces, it cannot be used 
as a means of directly measuring shear stress. FN could thus be measured directly but not FS. 
Theoretically, though, the shear force FS could be inferred indirectly using the formula given in 
equation 5d(iii).  
6.3     Calibration of PVDF Film 
The voltage spike registered by each bubble impingement is only meaningful if it could be 
translated into an actual mechanical stress reading. Different researchers have come up with 
different methods of doing so. Wang et al. (2007) for example made use of the stress 
measurements of an impacting steel pendulum to perform the calibration. In this investigation, 
though, a simple beam experiment was conducted as a means of calibrating the PVDF film to 
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convert the voltage spike readings into strain measurements, and subsequently, stress 
measurements. 
A PVDF sensor (DT1-052K, Measurement Specialities Inc.) was bonded side by side with a 
conventional strain gauge onto a 30 cm steel ruler as shown in Figure 5.2. The PVDF sensor was 
connected to an Ono Sokki CF-840 Fast Fourier Transform (FFT) while the strain gauge was 
connected to a static strain meter in a quarter-gauge configuration. Seven different loads were 




Figure 5.2: Conventional strain gauge side-by-side with a PVDF sensor. The centerlines of both 
gauges in the transverse axis coincide. 
 
Figure 5.3 shows the relationship between the strain meter reading and the FFT analyzer reading. 
As can be seen from the graph, there is a strong linear relationship (R2 = 0.9515) between the two 
variables. 
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Figure 5.3: Strain vs Voltage readings in graphical format for the calibration readings 
 
From the calibration experiment, the relationship between induced strain ε (in microstrain) and 
piezoelectric voltage V (in mV) could thus be concluded to be: 
634.355116.9 += Vie  ----- 5(f) 
To convert the strain readings to stress we make use of the relationship between stress σ and 
strain ε 
ii E es =  ----- 5(g) 
where E is the elastic modulus of the material being placed under stress. We thus have the 
relationship 
)634.355116.9( += VEis ----- 5(h) 
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5.4     Materials and methods 
A PVDF piezoelectric film sensor was bonded lengthwise onto a microscope glass slide by the 
means of cyanoacrylate glue. This film had dimensions of 12 x 31 x 0.064 mm (length x breadth 
x thickness) and a capacitance of 0.74 nF. Conductive epoxy was then used to bond connecting 
wires to the terminals of the sensor. The terminals were then encased in conventional epoxy resin 
as a waterproof layer to prevent short-circuiting. These wires were connected to an Ono Sokki 
CF-840 Fast Fourier Transform (FFT) Analyzer to measure the voltage response of the PVDF 
sensor. This FFT analyzer was set to run with a time constant to 40 s so as to allow measurement 
of discrete impact events of bubbles on the sensor surface. The glass slide was then mounted into 
the experimental setup shown in Figure 5.4. 
 
Figure 5.4: Experimental setup used in this investigation. 
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The glass slide was first mounted at a 45-degree angle to the horizontal, and the needle was 
carefully placed such that its tip was 30 mm below the expected impingement point on the glass 
slide. The tank in Figure 5.3 was then filled with just enough water to submerge the sensor. A 
syringe pump provided a supply of air to the 30G needle at a rate of 1 ml/min. As was shown 
from the results in Appendix I, this needle size and air flow rate should give rise to discrete 
bubbles of a consistent diameter of 2.0 mm. The rise of the bubbles through the water was filmed 
with a Basler a504k high-speed camera operating at 500 frames per second and an exposure time 
of 2.0 ms. The high-speed camera itself was controlled by a LabView software to allow for 
bubble size and velocity measurements. 
After the syringe pump was switched on, one bubble formed at the tip of the 30G needle every 
ten seconds or so. Each bubble’s rise up the water tank and subsequent impact on the PVDF film 
was filmed by the high-speed camera. Upon the impact of each bubble on the PVDF film, a spike 
would be registered in the FFT analyzer (Figure 5.5). 
 
Figure 5.5: Voltage spike registered by the FFT analyzer upon bubble impingement. 
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The experiment was then repeated to get readings for 20 sets of bubbles. The size and velocity of 
the bubbles were manually measured from the high-speed recordings. The procedure was then 
repeated for the impingement angles of 15, 30, 60, and 75 degrees.  
5.5 Experimental results 
For a 45 degree impingement angle, the bubbles were found to be of roughly uniform size with 
an average diameter of 2.046 mm (s.d. = 0.10).The bubble velocities were obtained by counting 
the number of video frames it would take a bubble to rise a certain distance. The bubbles were 
found to have an average rise speed of 0.953 ms-1 (standard deviation = 0.19). 
A difficulty was encountered while calculating the amount of impact stress measured by the 
piezoelectric film. It was assumed that the stress that was measured by the piezoelectric film was 
brought about by the deformation of the glass slide. In that case, the correct value of the elastic 
modulus E to be used in equation 5(h) would be 72.0 GPa. However, such a value of E would 
result in a measured impact stress on the order of 106 Pa when applied to equation 5(h). Such a 
high degree of stress from an impinging non-cavitating bubble is highly improbable.  
It was thought that this major discrepancy was caused by the effects of the bubble striking on a 
laminated composite beam consisting of one layer of glass and another layer of PVDF. This 
composite beam can be analysed by converting it into an equivalent beam of uniform 
composition. The PVDF film can be converted into an equivalent glass section of the same 




En =  ----- 5(i) 
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For EPVDF = 2.5 GPa and EGLASS = 72 GPa, n is calculated as 0.0347. The laminated beam can 
thus be analysed as shown in Figure 5.6. 
 
Figure 5.6. A composite glass/PVDF beam and its all-glass equivalent. 
The product of the second moment of area I’ and equivalent Young’s Modulus E’ of this 
equivalent glass structure can then be given by 
PVDFPVDFGLASSGLASS IEIEIE +=''  ----- 5(j) 
From equation 5(j), the equivalent Young’s Modulus of the composite beam can be calculated as 
71.8 GPa. This value is very close to the elastic modulus of the glass slide, which means that this 
discrepancy in the value of measured stress cannot be explained by the structure of the composite 
beam. 
Another possible explanation that might reconcile the experimental results with the theoretical 
analysis is the presence of additional forces at the point of impingement. Klaseboer et al. (2001) 
identified two additional forces, namely, the pressure force FP and the history force FH. The 
history force is only applicable for when Re << 1 (Klaseboer et al. 2001), which is not the case in 
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this investigation. FP is caused by the excess pressure in the water film between the wall and the 





2p  ----- 5(k) 













ss2  ----- 5(l) 
If the film deformation is small, dh/dr << 1. The pressure force term thus reduces to the surface 
tension force term 
sps RFF PRESSURE 2==  ----- 5(m) 
However, the addition of the pressure force term is still insufficient to fully account for the 
discrepancy between the experimental and theoretical results. This apparent conundrum can be 
resolved by using the bulk modulus of air (0.101 MPa) in place of the elastic modulus of glass in 
equation 5(h). Such a value gives rise to a measured impact stress of 4.82 Pa. We put forward the 
theory that the bulk modulus of air is more suitable than the elastic modulus of the substrate for 
this purpose as the deformation of the impinging air bubble is more severe than that of the glass 
slide that it impinges on. It could be that the PVDF film ‘feels’ the deformation of the bubble 
more than the deformation of the glass slide. While this explanation is conjectural, it is the only 
one that can account for such a large discrepancy between the theoretical and experimental 
values.  
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Applying equation 5(h) to the FFT readings of the 5 individual bubbles for each of the five 
impingement angles yields the impact stress values as tabulated in Table 5.1. Statistically, there 
is very little variation in the bubble sizes (average 2.05 mm, standard deviation 0.136) with the 
standard deviation representing only 6.65% of the mean. This observation is consistent with the 
findings of Appendix I which show consistent bubble sizes for a constant air flow rate. 
Correspondingly the measured impact stress varies little as well (average 4.82 Pa, standard 
deviation 0.266). An average stress of 4.82 Pa is well within the order of magnitude of the 
theoretical stress value of 4.77 Pa. However, it is clear that there is a small discrepancy factor of 
1.52. In other words, the experimental stress value of the impinging bubble is roughly 1 ½ times 
the expected theoretical value.  
Angle FFT reading/ mV 
Bubble 





Stress σm/ Pa 
Theoretical 
impact 
stress σt/ Pa 
σm/σt 
15 0.936 2.046 0.800 4.498 5.46 0.824 
30 0.411 1.985 0.783 3.994 4.87 0.820 
45 1.266 2.046 0.953 4.815 4.77 1.009 
60 3.746 2.080 1.017 7.198 3.57 2.016 
75 2.690 2.033 1.167 6.183 2.14 2.889 
Table 5.1: Average FFT, impact stress, bubble size and velocity readings for five bubbles at 
every given impingement angle. 
 
A need to qualitatively observe the effects of the impact of the air bubbles on a solid substrate 
was identified. Since the PVDF sensors block direct observation due to their property of being 
opaque, one set of readings of bubbles impinging on plain glass slides was obtained for the 
different impingement angles. It was observed that there was no visible deformation of the 
bubbles upon impingement with the glass slide regardless of the angle of impingement (Figure 
5.7). 
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Figure 5.7: (a) The bubble just after formation and (b) at the point of collision for a 45-degree 
impinging angle. 
 
5.6     Discussion 
From the investigation in this chapter it would appear that the use of piezoelectric PVDF film is 
a potentially-viable method for directly measuring the impact stresses of an impinging air bubble 
on a solid substrate. All the measured impact stresses appear to be well within the expected order 
of magnitude of the theoretical impact stress. 
However, there are several caveats to this observation. Firstly, it is based on the assumption that 
the bulk modulus of air could be used to calculate the experimental impact stress in equation 
5(h). This is only a postulate, but it is one that agrees well with the experimental data, and it is 
reasoned that the PVDF film ‘feels’ the deformation of the compressible air bubble more than 
that of the stiff glass slide. Also, there appears to be a discrepancy between the measured and 
theoretical impact stress, as shown by the discrepancy ratio σm/σt given in the final column of 
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1 for angles above 45 degrees. This observation becomes more interesting when the discrepancy 
ratio is plotted against the impingement angle (Figure 5.8). 
 
Figure 5.8: Discrepancy ratio vs impingement angle (in radians). A discrepancy ratio of 1 
indicates exact agreement with the theoretical value. 
 
It was at first thought that this discrepancy was brought about by the PVDF film measuring shear 
stress along with impact stress. At impingement angles below 45 degrees, the bubbles are more 
likely to impinge the PVDF film at an angle below the expected angle of impingement. In other 
words, at an impingement angle of 15 degrees for instance, the bubble may ‘glance’ against the 
PVDF film at an angle lower than 15 degrees. Some of the expected impact stress would thus be 
lost in the form of immeasurable shear stress. Likewise, at impingement angles above 45 
degrees, the discrepancy ratio was found to be greater than 1. This observation may be due to the 
bubble being more likely to hit the PVDF film in a head-on manner. Some of the expected 
immeasurable shear stress would thus manifest itself as measurable impact stress. While this 
explanation is theoretical, it does have some support in the available literature. In the study of 
bubbles by Tsao and Koch (1994), it was found that for inclination angles less than 55°, the 
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colliding bubbles tend to undergo sliding motion, whereas bouncing motion is more likely to be 
observed for angles above 55°. In other words, the impingement of the bubbles at lower angles 
tends to produce more shear stress, while impingement of the bubbles at larger angles tends to 
produce more impact stress. 
While it may be argued that the deformation of the bubbles upon impact with the solid substrate 
may contribute to some extent to this apparent discrepancy. However, our observations of 
impinging bubbles show that the deformation of the air bubbles is not especially significant. 
Figures 5.6(a) and 5.6(b) show a near-spherical 2-millimeter bubble having almost the same 
shape and size both just after formation and just after impingement at 75 degrees. With reference 
to Table 5.1, if the deformation of the bubble fully accounts for the discrepancy factor of 2.89, 
we would expect to see the bubble physically shrink by a factor of 1/2.89 = 0.35, which is clearly 
not the case in Figure 5.6 (b). So while the deformation of the bubble was significant enough to 
register a voltage spike in the PVDF film, it was not enough to account for such a large 
discrepancy between the measured and theoretical impact stresses.  Figure 5.7 could be used as a 
rough reference chart for future use when it comes to estimating the actual impact stress of an 
impinging 2.0 mm diameter bubble at various impinging angles. 
5.7     Conclusion 
This chapter acts as a precursor to the actual use of bubbles to remove algae biofilms. A major 
criticism of the investigation in Chapter 3 was that there was no direct way to directly measure 
the shear forces on the spinning annular drum, and the investigation in this chapter was 
attempted as a means to address this criticism when the study of impact and shear forces is 
applied to impinging bubbles. 
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A means of directly measuring the impact and shear stresses that a bubble creates when it 
impinges against a solid substrate was thus attempted. The piezoelectric quality of a thin PVDF 
film was used for this purpose. While we were not able to measure the shear stresses directly by 
this method, the direct impact stresses could be measured relatively accurately at an 
impingement angle of 45 degrees. For other impingement angles, there was a discrepancy factor 
that had to be taken into account before any direct measurement could be conducted. It is as yet 
unknown as to how this discrepancy factor could come to be. Two possible explanations include 
the orientation of the bubble with respect to the substrate as well as the extent of bubble 
deformation at the point of impingement. More work needs to be done to study this phenomenon. 
Regardless of the discrepancy factor, the measured impact stresses are still well within the same 
order of magnitude as the theoretical values. For a 45-degree impingement angle, an impinging 
bubble would be expected to have the same magnitude of impact stress as shear stress. If the air 
bubble has a diameter 2.0 mm, both the impact and shear stress is between 3.16 Pa (theoretical) 
and 4.85 Pa (experimental). Both values are two orders of magnitude greater than the maximum 
shear stress of 31.2 x 10-3 Nm-2 created by the annular biofilm reactor in Chapter 3. In that 
investigation, such a small value of shear stress was enough to reduce algae biofilm formation by 
over 70%. It is reasoned that if such a small amount of stress could effectively impede biofilm 
formation, a shear stress value two orders of magnitude greater could potentially be useful at 
biofilm removal. This is a notion that will be examined in the next chapter.  









Investigation V: The removal of surface foulants and 
contaminants from an etched surface with bubbles 
and ultrasound 
 
6.1     The removal of microalgal biofilms by non-cavitating bubbles  
6.1.1     Introduction 
As was previously-mentioned in Chapter 1, this dissertation was inspired by a work done by 
Parini and Pitt (2005, 2006) on the effects of the removal of Streptoccocus mutans biofilms from 




solid surfaces using equilibrium bubbles as the shearing medium. The work suggested that air 
pumped through a 30G needle would produce bubbles that could have enough shear force to 
erode away biofilm in an efficient manner. 
The previous investigations in Chapter 4 and Appendix I do not appear to support some of the 
observations made by Parini and Pitt (2005). In those chapters, it was observed that differing 
impingement angles can affect the amount of shear and impact stresses a bubble can have while 
impinging against a solid substrate. This observation does not agree with the assertion of Parini 
and Pitt that impingement angle does not have a significant impact on biofilm erosion. Also, 
while they claim to have created bubbles of a median size of 205 μm and a speed of up to 10 ms-
1, our bubbles have never been smaller than 2.0 mm even at extremely low flow rates. We have 
since expanded our work to show that an increasing flow rate leads to an increasing bubble size. 
The objective of the investigation in this chapter is to determine whether the impingement of 
equilibrium bubbles against solid surfaces have a significant effect on the structure and thickness 
of microalgal biofilms. Section 7.1 deals with the impingement of bubbles only, while Section 
7.2 deals with bubbles with ultrasound. In doing so, it is hoped that significant insights can be 
added on to our overarching objective to determining the feasibility of surface contaminant 
control by this mechanism.  
6.1.2     Literature review 
The literature review in this section is very similar to that of the previous section, considering 
that they both deal with very similar themes of bubbles impinging on solid substrates. However, 




there is still more than needs to be added in addition to the review that transpired in the previous 
section. 
For example, in the previous section we saw how Tsao and Koch (1994) found the presence of 
energy-dissipating vortices in the rear of a rebounding bubble due to flow separation (Figure 6.1 
(b)).  This flow separation may contribute to the removal of surface foulants and contaminants 
from the solid surface. The circular vortices formed by the motion of the trailing fluid may 
contribute to the scrubbing of surface foulants and contaminants from the solid surface that the 
bubble collides with. This scenario would suggest that it is not just the momentum of the bubble 
that removes surface foulants and contaminants, but the trailing wake may be a contributing 
factor as well. 
6.1.3     Materials and methods 
As was the case with Investigation II in Chapter 3, Oscillatoria sp. was used as the microalgae 
here. The microalgae were grown on acrylic slides in a fish tank using BG-11 algae growth 
medium as the culturing agent. The algae were cultured over a period of 48 hours using a 12hr: 
12hr light/ dark schedule (Yusoff et al. 2001) (Figure 6.1). 





Figure 6.1: The culturing of microalgal biofilms. 
 
For analysis of the algae-coated slides on a micro-scale level, the slides were subjected to 
confocal laser scanning microscopy (CLSM) readings to establish the biofilm thickness prior to 
and after bubble stream exposure. This technique makes use of the principle of focus at different 
depths of the biofilm to establish its thickness. By establishing the depths at which the biofilm 
just appears and disappears out of the focus of the microscope, the depth of the biofilm can be 
estimated (Figure 6.2) (Tomas et al. 2010). The equipment used for this purpose was a Carl Zeiss 
LSM 510 Meta microscope (Carl Zeiss (SEA) Pte Ltd, Singapore). The biofilm thickness at three 
random locations on the glass slides was measured, and the average thickness was calculated. 





Figure 6.2: Biofilm depth measurement using CLSM. The scale bar represents 50 μm. 
 
The need for some degree of macro-scale measurement was also identified. To that end the 
individual algae-covered slides were gently shaken in deionized water to remove any loose 
strands of microalgae and placed in a photographical chamber (Figure 6.3). 





Figure 6.3: Photographical chamber used for taking photographs of algae-coated glass slides. 
 
A Nikon D60 digital single lens reflex (DSLR) camera was used in the above setup to take high-
resolution photographs of the biofilms prior to and after exposure to bubbling. The photographs 
were taken using a shutter speed of 1/5 s, an aperture size (f-stop) of 5.6, and was illuminated 
with two 100W lights. The slides were then placed in the setup in Figure 6.4. 
 





Figure 6.4: Experimental setup for effects of bubbling on biofilm structure. 
 
One glass slide was placed in a slide holder, which could be adjusted to be 15, 30 or 45 degrees 
to the horizontal. The biofilm was placed facing down, and the apex of the 30G needle was 
placed 30 mm below the impingement point of the bubbles. A syringe pump (74900 Series, 
Cole-Parmer) was used to supply air at a constant rate of 20 ml/min to the 30G needle manifold. 
For this needle size and air flow rate, the bubble diameter should consistently be about 1.92 mm, 
as per the results in Appendix I. The syringe pump was switched on and the biofilm was exposed 
to the bubble stream for three minutes. A high-speed camera (Model A504k, Basler 
Technologies) was used to capture the bubble stream and bubble impingement at a rate of 500 
fps. The CLSM and DSLR measurements of the biofilm were then repeated in an attempt to 
track any changes in the biofilm structure. The experiment was repeated for two different 
biofilm-coated slides (henceforth referred to as the 1st and 2nd sets) for each of the impingement 
angles of 15, 30 and 45 degrees to the horizontal.   




It was thought that the experimental observations of Parini and Pitt (2005, 2006) could be due to 
the momentum transfer between the impinging bubbles and the microalgae. In this case the 
relative sizes of the bubble and the contaminants are important. It is known that the 
Streptoccocus mutans biofilms used by Parini and Pitt (2005, 2006) have an average diameter of 
between 0.315 and 0.325 µm (Ryan et al. 1980). Bubbles of an average size of 205 µm were 
used in that investigation. Since the Oscillatoria sp. microalgae used in our investigation has an 
average diameter of 20 µm, which is roughly one order of magnitude greater than that of 
Streptoccocus mutans, the bubbles that we need to use should also be correspondingly one order 
of magnitude greater, or about 2.0 mm.   To investigate the effects of momentum transfer 
between the bubbles and the microalgae, 20 readings of both the bubble diameters and their rise 
velocities were taken for each coupon and at each impingement angle. The Sauter-mean diameter 
and velocity for the 20 bubbles was calculated so as to properly account for the distribution of 
bubble sizes and velocities expected to be observed (Tables 6.1(a) and 6.1(b)). The experiment 
was then repeated for consistency (Tables 6.2(a) and 6.2(b)). 
Coupon 1 2 3 
Angle/ deg Average SD Average SD Average SD 
15 1.96 0.02 1.97 0.022 1.97 0.029 
30 1.98 0.021 1.98 0.024 1.98 0.024 
45 1.96 0.025 1.97 0.024 1.97 0.026 
Coupon 4 5 6 
Angle/ deg Average SD Average SD Average SD 
15 1.98 0.018 1.97 0.018 1.97 0.023 
30 1.98 0.028 1.98 0.026 1.97 0.02 
45 1.98 0.02 1.97 0.021 1.97 0.029 
Table 6.1(a). The Sauter-mean diameters (and their associated standard deviations) for the six 
coupons in the first set of readings. All readings in mm. 
 




Coupon 1 2 3 
Angle/ deg Average SD Average SD Average SD 
15 1.96 0.02 1.97 0.022 1.97 0.029 
30 1.98 0.021 1.98 0.024 1.98 0.024 
45 1.96 0.025 1.97 0.024 1.97 0.026 
Coupon 4 5 6 
Angle/ deg Average SD Average SD Average SD 
15 1.98 0.018 1.97 0.018 1.97 0.023 
30 1.98 0.028 1.98 0.026 1.97 0.02 
45 1.98 0.02 1.97 0.021 1.97 0.029 
Table 6.1(b). The Sauter-mean diameters (and their associated standard deviations) for the six 
coupons in the second set of readings. All readings in mm. 
Coupon 1 2 3 
Angle/ deg Average SD Average SD Average SD 
15 0.234 0.06 0.255 0.06 0.232 0.06 
30 0.219 0.05 0.233 0.06 0.228 0.06 
45 0.243 0.05 0.238 0.05 0.233 0.05 
Coupon 4 5 6 
Angle/ deg Average SD Average SD Average SD 
15 0.237 0.06 0.234 0.06 0.236 0.06 
30 0.252 0.06 0.241 0.06 0.252 0.06 
45 0.239 0.06 0.215 0.05 0.221 0.05 
Table 6.2(a). The Sauter-mean velocities (and their associated standard deviations) for the six 
coupons in the first set of readings. All readings in ms-1. 
Coupon 1 2 3 
Angle/ deg Average SD Average SD Average SD 
15 0.247 0.06 0.236 0.06 0.229 0.07 
30 0.252 0.07 0.214 0.05 0.221 0.05 
45 0.233 0.06 0.219 0.05 0.228 0.05 
Coupon 4 5 6 
Angle/ deg Average SD Average SD Average SD 
15 0.215 0.05 0.209 0.05 0.243 0.06 
30 0.246 0.07 0.238 0.05 0.242 0.06 
45 0.248 0.07 0.221 0.05 0.232 0.06 
Table 6.2(b). The Sauter-mean velocities (and their associated standard deviations) for the six 
coupons in the second set of readings. All readings in ms-1.  




The bubbles were observed to impinge on the substrate surface singularly, that is, there is a short 
time gap between the impact of one bubble and the next (Fig 6.5). 
  
Figure 6.5. The rise of the bubbles from the needle. The relatively large gaps between the 
bubbles indicate that the bubbles hit the substrate singly. 
 
The density of the bubbles hitting the substrate could thus be defined as the density of air at the 
ambient temperature of 25°C, which is about 1.0 kg/m3. The Sauter-mean momentum of the 
bubbles for each coupon can then be calculated. It was found that each bubble had momentum of 
the order of 10-7 kg ms-1. This is a very small value and thus it does not appear likely that 
removal of the biofilm can be effected by the mechanism of momentum transfer between the 
bubble and the biofilm. The variation of momentum is also relatively small, taking values 
between 6.52 and 7.82 x 10-7 kg ms-1 (standard deviation 3.86 x 10-8). It is thus highly unlikely 
that the results are influenced by the variation of momentum transfer.  
 
 




6.1.4     Experimental Results 
6.1.4.1     Macro scale analysis 
The DSLR photographs show that on a qualitative macro scale level, there appears to be no 
apparent removal of biofilm.  The structure of the biofilm does not appear to change appreciably.  
Figure 6.6 shows the photographs of three coupons prior to and after bubbling for the three 
different impingement angles of 15, 30, and 45 degrees. 




















Figure 6.6 (i)-(vi): Macro scale analysis for the first coupon of each impingement angle 
6.1.4.2     Micro scale analysis 
The micro scale analysis with CLSM photography gives a different story. It was found that there 
was a noticeable reduction in biofilm thickness, as shown in Table 7.3.  
Impingement angle Coupon 
Biofilm depth 
Initial Final % change Average 
15 
1 105.2 35.1 -66.6 
-64.6 
2 76.5 28.7 -62.5 
30 
1 92.5 31.9 -65.5 
-59.8 
2 76.5 35.1 -54.1 
45 
1 105.2 70.1 -33.4 
-34.5 
2 89.3 57.4 -35.7 
Table 6.3: Biofilm thickness readings by CLSM. The initial and final readings for each coupon 
refer to the average of three thickness readings on each coupon. 
 




From Table 6.3 it is shown that the impingement angle makes a significant impact on the amount 
of biofilm reduction observed. An increasing impingement angle was observed to lead to a 
decreasing amount of biofilm that was sheared off. This observation may be explained by our 
previous investigation on the shear and impact stresses of bubbles on solid substrates. In that 
investigation, it was found that the measured impact stresses were smaller with greater 
impingement angles. The bubbles also tended to slide up the glass slide slowly after 
impingement for smaller impingement angles, possibly leading to more thorough removal.  
This observation agrees with Tsao and Koch (1997), who found that an increasing angle of 
impingement has a higher tendency to create bouncing motion instead of sliding motion. As was 
found in Chapter 6, the shear and impact stresses caused by the collision of bubbles against a 
solid surface have the same order of magnitude. At low impingement angles there would thus be 
a prolonged, consistent amount of shear acting on the biofilm whereas at high impingement 
angles, there would only be a small number of discrete impact events that can damage the 
biofilm.   This observation, though, appears to contradict our macro scale analysis of there being 
no removal of the microalgae on the micro scale. The possible reason for this observation is the 
shearing-off of the overlying polysaccharide layer. The bubbles may have eroded away the 
polysaccharide layer overlying the microalgae without actually shearing away the microalgae 
(Figure 6.7). Even after the overlying layer has been eroded away, the underlying algae may still 
be stuck onto the substrate by the underlying polysaccharide layer. Unfortunately, it is extremely 
difficult to experimentally verify this conjecture since the CLSM images only give the total 
thickness of the biofilm without distinguishing between the polysaccharide and the microalgae 
layers. 





Figure 6.7: The shearing-off of the exopolysaccharide layer by an impinging bubble. 
 
Another possible explanation is that the bubbles had simply deformed and flattened the overlying 
polysaccharide layer without actually shearing it off. It is known that many types of 
exopolysaccharides in biofilms are highly-resistant to shear forces. Instead of being sheared off 
the substrate, much of the biofilm would simply deform only to slowly return to its original 
shape (Sutherland 2001). 
These observations in general appear to contradict those of Parini and Pitt (2005, 2006) in that 
these relatively large, high-speed bubbles were unable to easily remove the microalgae. One 
possible reason is that the average Reynolds number (Re = 415.3) and Weber number (We = 
144.8) of the bubbles are significantly lower than those reported by Parini and Pitt (2005, 2006) 
(Re = 2 x 106, We = 3000). The lower bubble turbulence may be account for less biofilm 
removal. Also, since the Weber number is lower in our case, inertial effects are far less 
significant than surface tension effects in our investigation. Impact stress may thus be less of a 
factor in our investigation. This is all the more so since the bubbles on average hit the surface of 
the coupons only once. The structures of the biofilms are also different. In the case of 




Streptococcus mutans the main method of adhesion is by relatively weak van der Waals forces of 
attraction between the bacteria and the tooth surface (Dumitrescu et al. 2010), whereas the 
adhesion of Oscillatoria sp. filaments on the tooth surface is primarily though the means of 
highly-adhesive polysaccharides. The Streptoccocus mutans bacterium also has a diameter of 
640 nm (Ryan et al. 1980), which is much smaller than cells of Oscillatoria sp. (20 µm) (Colwell 
1997). Both these factors may serve to explain the relative difficulty of removing Oscillatoria sp. 
as compared to Streptococcus mutans. 
From these observations it seems as though equilibrium bubbles are by themselves highly-
ineffective at the removal of biofilms of Oscillatoria sp. from a solid substrate when the 
exposure of the biofilm to the bubble stream takes place over a short period of time. To test 
whether these bubbles would be more effective on a prolonged and larger scale, a follow up 
experiment was conducted in Section 6.1.5. 
6.1.5     The removal of microalgal biofilms by equilibrium bubbles on a large 
scale over a prolonged period of time  
On an industrial scale single bubble sources such as a submerged 30G needle would be 
impractical since only a single stream of bubbles would be created. It would be more likely for 
several large plumes of bubbles to be created for the purpose of trying to scour away any 
microalgal biofilms on solid surfaces. 
As was seen in the previous sections, exposing the biofilm-coated slides to a single one-
dimensional stream of bubbles over a period of 90s failed to dislodge the biofilm or even erode 




away the microalgae filaments from the surface. A decrease in biofilm thickness was noticed, but 
this was hypothesized to be the result of the erosion of the overlying exopolysaccharide layer. It 
was hypothesized that scaling up the bubble production process to three-dimensional (multiple 
bubble manifolds over a relatively-large surface area) instead of just one-dimensional (a single 
point source bubble manifold) would be more effective at biofilm removal. Since a point source 
bubble stream could entrain surrounding water into itself, a three-dimensional stream would 
entrain even more water, leading to a stronger liquid jet aiding the bubble stream in eroding 
away the biofilm.  
A longer exposure period of the biofilm to the bubble plume could also be beneficial. With a 
longer exposure period, the more extensive erosion of the overlying exopolysaccharide would 
expose the underlying microalgae strands to erosion from the impinging bubbles. The decision 
was thus made to expose the biofilms to a continuous three-dimensional bubble plume over a 
period of one hour. A small home aquarium air stone was used in place of the needle manifolds. 
An air flow rate of 30 ml/min was passed through the air stone over a period of 1 hour. A few 
seconds of high-speed video was taken at 500 fps to allow for bubble size measurements (Figure 
6.8).   





Figure 6.8: The prolonged, large scale experiment using an air stone. 
 
Table 6.4 shows the distribution of bubble sizes for a random sample of 20 bubbles.  
 
Bubble No. Diameter/ mm Bubble No. Diameter/ mm 
1 5.6 11 3.0 
2 9.0 12 2.5 
3 9.4 13 3.1 
4 8.5 14 2.0 
5 5.6 15 2.1 
6 2.6 16 2.4 
7 2.3 17 3.6 
8 3.2 18 2.6 
9 3.5 19 2.0 
10 4.5 20 2.8 
Table 6.4: Distribution of bubble sizes for the large-scale, prolonged case 
 
The macro scale analysis makes it clear that any biofilm erosion, if any, is limited to the 
overlying exopolysaccharide layer (Figure 6.9). 








Figure 6.9: Oscillatoria sp. biofilm (a) before and (b) after exposure to extensive bubble plumes 
over a period of 1 hr 
 
From these results it appears that bubbling itself is not a feasible means of eroding away biofilms 
of Oscillatoria sp. Even under supposedly-extreme conditions of a three-dimensional plume over 
a relatively prolonged period of time, the physical macrostructure of the biofilm appears to be 
unscathed. And it is to be noted that in this case there is a much larger range of bubble sizes that 
are formed. While the Sauter-mean diameter in this case was found to be 2.61 mm, which is not 
much larger than the 2.27 mm for the 30G case, the range of sizes was much larger (standard 
deviation 0.89), with bubble diameters between 0.88 and 3.46 mm observed in a random sample 
of 20 bubbles. In other words, some of the bubbles were much bigger and would be expected to 
have much more of an impact on biofilm removal than the previous uniform 30G case. 
A close-up view of the biofilms does not shed much light into the presence of any pits or 
creavasses caused by the impingement of the bubbles. As these bubbles have an average 
diameter of about 2 mm, the collision of the bubbles on the biofilm surface should create pits of 
an average diameter of 2 mm, in line with observations in Appendix I that impinging equilibrium  




bubbles would be expected to have an impinging footprint similar in size to that of the bubble 





Figure 6.10(a) A closeup view before bubbling (b) A closeup view after bubbling. The scale bar 
represents 1 mm. 
It is possible that any pitting occurred only in the polysaccharide layer, which can be modelled as 
a high-viscosity non-Newtonian fluid (add citation). Upon the impact of the bubbles with the 
polysaccharides, any pits that are formed would quickly flatten out after the rebound of the 
bubble.With these results in mind it was decided that the effects of high-range sonic waves on 








6.2     The removal of microalgal biofilms by non-cavitating bubbles with 
ultrasound  
6.2.1    Introduction 
While the work done thus far has appeared to be diverse in its scope, there exists a common 
theme that ties all the seemingly-diverse threads together, namely, the issue of surface foulants 
and contaminants and the means by which they can be removed from solid substrates or 
prevented from forming on them to begin with. We have examined how shear can be used to 
remove ice from aluminium substrates, and how it can be used to prevent microalgae from 
settling on stainless steel substrates. In the process we have also examined the role of surface 
roughness in the attachment of surface foulants and contaminants and their subsequent removal. 
We also have performed some experiments where ultrasound can be used to agglomerate loose 
microalgae strands into bigger clumps that can be more easily removed. 
We shall now knit together everything that transpired in the past work into a combined work that 
incorporates all the major factors involved in the removal of surface foulants and contaminants 
from solid surfaces, namely, surface roughness, shear, ultrasonic frequency, and bubble 
dynamics. 
6.2.2     Theory of ultrasound on bubble characteristics 
It was earlier found that ultrasound by itself has very little impact on the structure of algal 
biofilms. It does not appear to rupture the air vacuoles in the Oscillatoria sp. microalgae, and 
neither does it appear to shake the individual strands of microalgae out of the biofilm. However, 




we theorize that subjecting algal biofilms to a torrent of bubbles while sonicating it at a given 
frequency would have a beneficial effect on algae removal. The reason for this hypothesis is that 
every bubble has its own natural frequency of vibration. Subjecting a bubble stream of a known 
uniform size to the correct ultrasonic frequency would agitate the bubbles and possibly lead to 
greater algae removal upon impact with the substrate. It has been established that an equilibrium 
bubble impinging against a solid wall can produce large amounts of shear stresses on the wall 
when it is subject to an external resonance driving frequency. With the external driving 
frequency having a pressure amplitude of 20 kPa the bubble does not become cavitating, but is 
capable of exerting shear stresses of the order of magnitude of several kilopascals (Krasovitski 
and Kimmel 2004). This is three orders of magnitude greater than the shear and impact stresses 
of an impinging bubble not subject to ultrasound, as determined in Chapter 6. As long as the 
pressure amplitude of the external driving frequency is kept below 20 kPa there should not be 
any cavitation involved in the process.  
We have to bear in mind that there are significant damping effects which need to be accounted 
for in the calculation of natural frequencies for bubbles. Leighton (1994) and Zheng and James 
(2000) both gave a highly-detailed construct of the formulation of natural frequency, the 
summary of which is presented here. 
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The damping coefficient δ can then be given by 
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b  ----- 7(e) 
The terms in the preceding equations could be described in Table 6.5. 
Parameter Description Value 
g gravitational acceleration 9.81 ms-2 
ρw density of water 1000 kgm-3 
p0 atmospheric pressure 101.325 x 103 Pa 
γ specific heat ratio of air 1.4 
σ surface tension coefficient 0.072 Nm-1 
Dg thermal diffusivity of gas 2.122 x 10-3 m2s-1 
cf speed of sound in water 1497 ms-1 
ca speed of sound in air 343 ms-1 




μf shear viscosity of water 8.9 x 10-4 Nsm-2 
Gth thermal damping constant 1.60 x 106 sm-1 
Table 6.5: Parameters used in the final investigation. 
The natural (damped) frequency could thus be finally defined as 
22
0 bww -=d  ----- 7(f) 
For a bubble of diameter 2.0 mm, the natural damped frequency could be calculated as 3.7 kHz. 
We shall thus aim to sonicate the algae biofilms with this frequency at the same time as the 
bubbling process, with the pressure amplitude kept below 20 kPa so as to avoid the effects of 
cavitation (Krasovitski and Kimmel 2004) The piezoelectric transducer will thus be made to emit 
ultrasound at a constant output power intensity of 100 mWcm-2, which was earlier established in 
Chapter 4 to have an ultrasonic pressure amplitude of 4.02 Pa. This pressure amplitude is well 
below the 20 kPa minimum threshold, making the possibility of cavitation unlikely. 
6.2.3     Experimental setup and conditions 
As was the case with Investigation I, the effects of surface roughness on microalgae attachment 
were also studied. Six acrylic coupons were etched using manual handworking. The coupons 
were then put through the Taylor-Hobson metrology device used in that investigation. The same 
‘15% rule’ for standard deviation was put in place (Table 6.6). Acrylic was used due to the 
increasing ubiquity of Plexiglas tanks being used in industry, as well as the need for a transparent 
material to allow for proper imaging by a high-speed camera. 
 








No. 1 2 3 4 5 6 
1 0.0059 0.497 0.898 1.196 1.522 2.365 
2 0.0055 0.560 0.815 1.037 1.660 1.926 
3 0.0053 0.453 0.720 1.219 1.469 2.506 
4 0.0054 0.385 0.764 1.191 1.642 2.827 
5 0.0054 0.439 0.813 1.303 1.718 2.236 
6 0.0053 0.398 0.735 1.328 1.734 2.274 
Average 0.0055 0.455 0.791 1.213 1.624 2.356 
Stdevp 0.000205 0.059 0.060 0.094 0.274 0.097 
% of mean 3.76 13.05 7.56 7.75 11.63 6.00 
Table 6.6: Surface roughness readings (Ra) for the six acrylic coupons. 
A considerable amount of effort was put into ensuring conformity to this ‘15% rule’ as well as 
ensuring that there was a nearly-linear progression in the value of Ra (Figure 6.11).  
 
Figure 6.11: The variation of surface roughness Ra used in the current investigation. 

















Similar to Investigation II, the acrylic coupons were then placed in a small culturing tank. 
Oscillatoria sp. algae strands were placed into the tank, and the algae was grown in the same 
conditions of a 12 hr: 12hr day/light cycle with BG-11 algae growth medium as a culturing 
medium. The algae-coated coupons were then put through a confocal laser scanning microscope 
(CLSM) (Confocal Microscope Carl Zeiss LSM 510 Meta) at 20x magnification and an 
illuminating laser wavelength of 488 nm. The thickness of the biofilm at three random locations 
on the coupon were measured and recorded. The coupons were then placed in the same 
photographic chamber used in Chapter 8 under controlled lighting conditions. A Nikon D60 
digital single lens reflex (DSLR) camera was used with a shutter speed of 1/10 s to take high-
resolution images of the biofilms. The coupons were then placed in the setup in Figure 6.12. 
 
Figure 6.12: The experimental setup for the sonicated bubbling of algae-coated etched coupons. 
 




Similar to the previous experiments involving bubbling through a submerged needle manifold, a 
30G needle manifold was submerged in a 300 x 300 x 500 mm glass tank. Air was supplied to 
the manifold by the means of a syringe pump at the fixed rate of 20 ml/min. This needle size and 
flow rate was specially-chosen as these parameters were known to produce bubbles close to the 
required size of 2.0 mm. An ultrasonic transducer was attached to the top of each acrylic coupon, 
which was in turn clipped to a coupon holder. The coupon was placed at a 45-degree angle to the 
horizontal. A Basler A504k high-speed camera was placed facing the back of the coupon. As 
before, the camera was controlled by customized National Instruments LabView software to 
allow for bubble size and velocity measurements.  
The needle was placed 30 mm below the coupon, and the air flow was switched on. The high-
speed camera recorded only the first 20 bubbles produced to save on memory space. The flow 
was allowed to run until the entire air volume in a 60 ml syringe placed in the syringe pump was 
exhausted, a process which took about three minutes at a rate of 20 ml/min. The coupon was then 
placed in the CLSM again to measure the new biofilm thickness after the combined bubbling and 
sonication procedure. New photographs were taken in the photographic chamber. 
Similar to Investigation III in Chapter 4, the piezoelectric transducer was initially switched on 
and calibrated with a needle hydrophone so as to produce an ultrasonic power output intensity of 
300 mWcm-2. As was shown in Chapter 4, this output level corresponds to an ultrasonic pressure 
of 4.01 Pa, which is much lower than the 20 kPa used by Krasovitski and Kimmel (2004) to 
create pulsating bubbles without cavitation. 
 




6.2.4   Experimental results 
As was the case with the first investigation in Section 6.1, the photographs before and after the 
combined bubbling and sonication procedure are inconclusive and do not appear to show any 
visible removal of the microalgae. The CLSM readings, however, appear to show a general 
reduction in the thickness of the biofilm after the procedure (Figures 6.13 – 6.15). As before, 
three thickness readings were taken from each coupon and the average value was taken. 
 
Figure 6.13: Set 1 for the CLSM readings for biofilm thickness. ‘Original’: readings before 




















Figure 6.14: Set 2 for the CLSM readings for biofilm thickness. 
 
 
Figure 6.15: Set 1 for the CLSM readings for biofilm thickness. 
 
As seen from Figures 6.13 - 6.15, there is a general reduction in the biofilm thickness after the 
































occurs for the reading for Coupon 6 in the third set of readings. It is possible that some 
microalgae strands which were previously-trapped within the crevasses in the coupon may have 
broken out onto the surface of the coupon, making it appear as though the biofilm has thickened. 
6.2.5     Conclusion 
In conclusion, non-cavitating bubbles do not appear to be a viable method of biofilm removal. 
Exposure of the biofilms to a constant bubble stream over a period of three minutes was 
insufficient to have any visible effect on their structure. The only noticeable effect was the 
thinning of the biofilm, which was only apparent from CLSM readings. It is speculated that the 
apparent contradiction between the DSLR photographs and the CLSM readings can be 
reconciled by considering the fact that a layer of exopolysaccharides exist over the microalgae 
strands. The impacting bubbles could be shearing off these exopolysaccharides without harming 
the microalgae strands underneath. 
Even if that were the case, the exposure of an algal biofilm to a three-dimensional bubble plume 
over a prolonged period of one hour still proved to be insufficient in eroding away the 
microalgae strands. It appears that even with the erosion of the overlying exopolysaccharides, the 
algae strands were still strongly adhered onto the substrate by the underlying adhesive 
exopolysaccharides. 
The addition of high-frequency sonics at the natural frequency of the bubbles did not appear to 
visibly aid in the removal of the algae strands. The bubbles may not have had enough exposure 
time to the sonic waves to allow for them to vibrate enough to disturb the biofilm surface. This is 
all the more so since the bubbles are moving and not fully stationary. It is highly unlikely that the 




bubbles were cavitating in nature, since the ultrasonic pressure subjected onto the bubbles was 
well below the 20 kPa threshold defined by Krasovitski and Kimmel (2004). 
  












7.1      Introduction 
In this dissertation we have done a detailed report of all that transpired in the investigation on the 
removal of surface foulants and contaminants by the means of bubbles and ultrasound. The 
objective of this entire investigation was to come up with a means of studying the feasibility of 
surfactant removal using a combination of non-cavitating bubbles and ultrasound, and our 
conclusion is that it is not feasible to do so at least on an industrial scale. An external driving 
ultrasonic pressure of 20 kPa is required to make the bubbles cavitating, which may require a 




large amount of energy for it to be conducted on an industrial scale. Let us now summarize and 
discuss all the findings and observations that lead to this conclusion. 
7.2     Investigation I: Adhesion of Ice to Solid Substrates 
It was surmised that shear stress was a major component in surfactant removal from a solid 
substrate. This thought was reinforced by the work of Javan-Mashmool et al. (2006) and 
Akitegetse et al. (2008) who both asserted that shear stress and not bonding stress was the 
predominant factor in the removal of accreted ice from solid surfaces. A search of the available 
literature also indicated the possible importance of surface roughness in the attachment strength 
of surface foulants and contaminants to a solid surface. 
As a preliminary step in this dissertation, the decision was made to test the attachment strength 
of accreted ice on an aluminium substrate with respect to surface roughness. While ice is not 
known to be a major surface contaminant in the context of an equatorial country such as 
Singapore, it had the advantage of being a relatively ‘clean’ contaminant for which no special 
safety protocols or procedures were required. Ice accretion strength to solid substrates is also a 
major area of research (Vidovskii 1972; Petrenko 1998, 1999; Boluk 1996) and this investigation 
would contribute significantly to the field by definitively establishing a link between surfactant 
adhesion strength and surface roughness for ice in particular and contaminants in general. 
The results of this investigation showed a positive correlation between ice adhesion strength and 
surface roughness. The correlation was probably not exactly linear since the linear correlation 
coefficient (R2 = 0.826) is not definitive. However, the results indicate that a high degree of 
surface roughness would make it more difficult for surface foulants and contaminants to be 




removed. We would thus expect that a high degree of ultrasonic and bubble shear would be 
needed to scour solid contaminants in the next few investigations. 
As was noted in Chapter 2, there is still enough scope for future work in this particular research 
field. For instance, there has been comparatively little work done in the use of Bragg gatings as a 
means of measuring shear stress. That is a possible line of research that other researchers in this 
field may wish to pursue. Other researchers may also wish to pursue the use of other types of 
substrates such as stainless steel and acrylic for this experiment. 
7.3 Investigation II: Adhesion of Microalgae to Stainless Steel 
The second investigation dealt with the adhesion of a surface contaminant onto a solid surface. 
After we had built up an understanding of the effects of shear and surface roughness on the 
adhesion of ice, it was felt that it was time to move on to more realistic and common forms of 
surface foulants and contaminants found in industry. It was decided to study Oscillatoria sp., 
which is a relatively common form of blue-green microalgae found in freshwater sources. It was 
also decided that the substrate to be used was stainless steel SS-314, which is a relatively 
common material for use in supply tanks and pipelines. 
Where the previous investigation dealt with the removal of a surfactant, this investigation dealt 
with the attachment mechanisms of a surface contaminant onto a solid substrate. To that end an 
annular biofilm reactor was built and used to test the ability of Oscillatoria sp. to attach to a 
substrate while under the effects of shear stress. The results clearly showed that a relatively small 
amount of shear of 31.2 x 10-3 Nm-2 was enough to reduce algal attachment by 70%. This result 
was important in that it suggested that since a small amount of shear was enough to prevent 




microalgae from attaching, it would stand to reason that a correspondingly-small amount of shear 
could remove the microalgae. 
To account for the effects of substrate roughness, the coupons were artificially roughened. 
Roughness also had the effect of increasing the amount of microalgae that could be deposited 
onto the substrate surface. It is theorized that the roughened surface provided ‘pits’ and 
‘crevasses’ that could shelter the microalgae from the effects of the shear flow outside.  
With the effects of substrate roughness and shear both fully investigated, it was time to move on 
to the effects of ultrasound on the structure of the algae biofilm. 
7.4 Investigation III: The Effects of Ultrasound on Microalgae Suspensions 
and Biofilms 
Three different possible mechanisms of biofilm removal by ultrasound were studied. It was 
thought that ultrasound could remove the biofilm by the means of either physically vibrating the 
individual strands of microalgae, lyse the gas vacuoles, or agglomerate the strands together in 
non-vibrating nodal points on the substrate. In this study three ultrasonic frequency ranges were 
examined (20 – 50 kHz, 200 – 800 kHz, 5 – 15 MHz) to account for all three possible 
mechanisms of biofilm removal. However, an extensive experimental study that examined all 
three possible mechanisms did not yield any positive information with regards to algae biofilm 
removal. A fourth mechanism involving acoustic jet streams was proposed, and it was found that 
such fluid streams exist and may be a factor in agglomerating loose algae strands. However, 
these streams are too slow and do not appear to have enough momentum to substantially affect 
the structure of biofilms. 




These observations were probably to be expected, since previous studies such as Qian et al. 
(1996) did not find any noticeable biofilm removal by these mechanisms. However, previous 
studies focused primarily on bacterial biofilms instead of microalgae. An extensive search of the 
available literature did not yield much information on past work in this field. Also, such studies 
could be argued to be lacking in comprehensiveness and precision. For example, Qian et al. 
(1996) simply used one ultrasonic frequency and power output level without properly justifying 
the choices made. 
From our experimental results it appears as though there is no possible mechanism for surface 
contaminant removal by the means of ultrasound alone, at least when the surface contaminant is 
microalgae. However, it is known that ultrasound has the effect of causing vibrations in 
equilibrium bubbles at their natural frequencies of vibration (Zheng and James 2000). With this 
known fact in mind, it was resolved to study the mechanics of equilibrium bubble impingement 
as the next step. 
7.5 Investigation IV: The Measurement of Impact and Shear Stresses of 
Impinging Bubbles 
While the previous investigation was of great help in the proper identification of bubble sizes, a 
need for the characterization of bubble shear and impact stresses upon impingement was 
identified. An exhaustive search of the literature did not yield any well-accepted methods of 
directly measuring these parameters. Most measurements of bubble shear made use of semi-
empirical methods for approximating bubble shear   However, it was known that the 
piezoelectric qualities of PVDF film could be used to measure impact stresses but not shear 
stresses of impinging solid particles (Wang et al. 2007). It was reasoned that the same principle 




could be used for impinging gas bubbles. While the shear stresses could not be measured 
directly, they could be inferred from the experimental impact stress values. 
The experimental results showed a close similarity for between the theoretical and experimental 
impact stresses for an impingement angle of 45 degrees. At all angles below 45 degrees the 
measured stresses were below the expected theoretical values, while the converse was true for 
impingement angles above 45 degrees. It is surmised that at low impingement angles below 45 
degrees, the bubble may impact the PVDF film in a glancing manner, leading to much of the 
impact being in the form of shear instead of impact stress. Meanwhile, at angles above 45 
degrees, the impact may involve less shear and a greater degree of head-on impact. Apart from 
these musings, it is hitherto unknown how this discrepancy can appear to exist. 
However, the theoretical analysis assumes that the stress measured by the piezoelectric film was 
due to the film ‘feeling’ the deformation of the bubble more than the deformation of the 
underlying microscopic glass substrate. While this explanation is conjectural and may not appear 
convincing, it is the only one that can sufficiently reconcile the theoretical analysis with the 
experimental results. The alternative explanation of the experimental results being due to the 
piezoelectric-layered glass substrate acting as a composite beam does not appear to be plausible.  
However, these results are still significant in that one impingement angle exists where the impact 
stress can be quite reliably measured, namely, 45 degrees. It has also been shown theoretically 
that at this impingement angle the magnitude of the impact stress is equal to the magnitude of the 
shear stress. We could thus aim to conduct the removal of algal biofilms with this impingement 
angle so as to reliably guess the degree of shear and impact stresses on the biofilm upon 
impingement.   




7.6 Investigation V: The removal of surface foulants and contaminants from 
an etched surface with bubbles and ultrasound 
This final investigation was an attempt to tie together everything that had transpired in the 
previous investigations. It combined everything that was studied previously, including the effects 
of shear on biofilms, the effects of surface roughness on biofilm attachment, the mechanics of 
equilibrium impingement on solid surfaces, and the effects of ultrasound on biofilm structure. 
The first part of this investigation dealt exclusively with the impingement of equilibrium bubbles 
with algal biofilms. As was found in previous investigations, shear was found to be the 
predominant factor in the removal of surface foulants and contaminants, and it was surmised that 
increasing substrate surface roughness would impede this removal process. Appendix I allowed 
for a good degree of control over bubble size, which was kept constant at a diameter of around 
2.0 mm in this investigation, while Investigation IV allowed for a good estimate of the shear and 
impact stresses.  The effect of surface roughness which was examined in Investigation I was also 
taken into account by artificially-roughening the individual acrylic coupons. Finally, the primary 
results of Investigation II indicated the possibility of success of biofilm removal by the method 
of bubbling, which was further reinforced by the findings of Investigation IV which indicated 
relatively-high amounts of bubble impact and shear stresses upon impingement. 
The results, however, did not appear to meet our original expectations. The macro scale analyses 
of the biofilm before and after the bubbling procedure via high-speed DSLR images did not yield 
any visibly-noticeable biofilm scouring across all surface roughness levels. The CLSM analysis, 
in contrast, indicated a significant amount of biofilm thickness reduction. 




These results appear to indicate to us the lack of feasibility of the removal of surface foulants and 
contaminants by the means of bubbling alone. While it may be true that there was a significant 
degree of biofilm thickness reduction, it could be explained by the scouring-off of overlying 
adhesive exopolysaccharides without harming the microalgae strands underneath. Alternatively it 
might be possible that the impinging bubbles had simply flattened the biofilm. This theory is 
bolstered by the fact that biofilms are by no means perfectly homogeneous and may contain 
voids that can be collapsed upon mechanical impact (Barranguet et al. 2004).      
In the second part of this final investigation the effects of ultrasound were taken into account. 
While Investigation III did not lend support for biofilm removal purely by the effects of 
ultrasound alone, it is known that ultrasound has the ability to make gas bubbles pulsate at their 
natural frequency of oscillation (Zheng and James 2009). It is theorized that a pulsating air 
bubble could be more effective than a non-pulsating one at biofilm removal due to their being 
more energetic. The results, however, as before do not visibly show a reduction of biofilm 
removal. The only reduction to be observed via CLSM readings was the reduction in biofilm 
thickness. 
There are several possible reasons for this observation. One possible reason is that the effects of 
damping on the bubble structure were underestimated. This is all the more so since the 
exopolysaccharides on the biofilm could be expected to have a significant damping effect on the 
bubble at the point of impingement. The degree of vibration of the bubbles could thus be lower 
than expected. Also, the time of exposure of the bubbles to the sonic waves could have been too 
brief to allow a large amplitude of oscillations of the bubbles to be built up. 
 




7.7 Final Remarks  
The primary overarching objective of this dissertation was to examine the feasibility of the 
removal of surface foulants and contaminants from solid substrates by the means of bubbles and 
ultrasound. Since there is a wide range of surface foulants and contaminants to be had both in 
nature and industry, the decision was made to use ice as a contaminant, followed by microalgae. 
The results do not point to the feasibility of using either bubbles or ultrasound or both as an 
effective means of surface contaminant control.  
In the process, though, we have been able to achieve several novel achievements, namely: 
1. A simple and novel experimental approach towards the quantification of ice 
accretion strength on a solid substrate. A definitive link between substrate roughness and 
accretion strength was also established. 
2. A novel way of quantitatively and qualitatively determining the adhesion of 
microalgae onto a solid substrate. 
3. A new approach towards estimating the characteristics of bubbles produced from 
submerged needle nozzles. Our approach accounts for many of the limitations of previous 
work in this area and was found to be a reliable model for a relatively-wide range of bubble 
production parameters. 
4. The possible resolution of the ongoing controversy revolving around pneumatic 
retinopexy procedures. 
5. A possible new method for the direct measurement of impact and shear stresses of 
impinging bubbles. 




6. The use of equilibrium bubbles, whether they are exposed to ultrasound or not, is 
not feasible for use in the removal of microalgae biofilms.   
There is still plenty of scope for future work. For example, this dissertation only looked at two 
surface foulants and contaminants, namely, ice and microalgae. Future research into this field 
could look at other contaminants prevalent in industry such as barnacles, oil sludge, and bacterial 
biofilms. Also, there are many parameters that still have yet to be tested, including the 
impingement of bubbles of various sizes and the sonication of bubbles at different frequencies 
and power levels.  
 









The Production of Bubbles from Submerged Needle 
Nozzles 
 
A.1     Introduction 
As the investigation into the subject of this dissertation was ongoing, it was thought that the 
observations made by Parini and Pitt (2005, 2006) were extremely unlikely. The bubbles that 
were produced by them were created by passing air through a submerged 25G needle manifold. 
Bubbles of a median diameter of 205 µm were created in the process. It was reasoned that the 




observed bubble size could not have been possible due to surface tension effects and other 
factors such as fluid drag at the needle tip.  
As a result, a study was conducted to investigate the production of bubbles from submerged 
needle nozzles as a preliminary step to the main objective of studying the removal of surface 
contaminants with bubbles. An understanding of the properties of these bubbles may later on aid 
us in the understanding of the mechanics of surface contaminant removal. 
A.2     Literature survey 
The production of bubbles from needle manifolds has been studied extensively over the past few 
decades.  Davidson and Schuler (1960) discussed the production of bubbles from extremely 
small orifices. In their analysis, surface tension was not considered as a major factor, and bubbles 
were assumed to form from a point source and rose to the surface immediately after formation. 
Krishnamurthi et al. (1968) expanded on this work to account for the formation of bubbles from 
orifices with significant diameters.  They proposed a two-stage process for the formation of a 
bubble at the tip of a needle orifice with a non-negligible diameter. In the first stage, they 
considered the force balance of a bubble at the needle tip. In this case, the upward buoyancy 
force is balanced by both the surface tension between the bubble and the needle and the drag 
force the bubble experiences while it is inflating. In the second stage, the bubble is assumed to 
detach from the needle when the rise of the bubble has covered a distance equal to the bubble 
diameter computed from the first stage. The analysis was validated with a series of experiments 
that measured the diameter and speeds of the bubbles formed by needles of various sizes. 




Lin et al. (1994) used drilled holes in horizontal plates in place of hollow needles. It was found 
that the diameter of the bubbles that were formed were always greater than the orifices through 
which they were formed. It was also found that bubble production from such orifices had to be 
analysed as two separate and independent phenomena, namely, bubble formation followed by 
bubble detachment.  Aylward and Lyons (1996) in their study of bubble formation for retinal 
detachment surgery considered turbulent drag on the bubble surface during its formation. In 
doing so, a simple cubic relationship between air flow rate and the bubble radius was obtained. 
However, this analysis did not take into account surface tension at the needle tip and needle bore 
size into consideration. Havlica et al. (2007) made use of computational fluid dynamics (CFD) 
simulations without offering the details of the mathematical framework that was used in their 
analysis. They simulated the production of bubbles by a needle of inner diameter 890 µm when 
two different flow rates (0.0167 and 0.2417 ml/s) were passed through the needle, and tried to 
test the simulations with experimental analysis using the same parameters. They found good 
agreement between the CFD simulations and the experimental results at the higher flow rate, but 
less so at the lower flow rate. It was hypothesized that this discrepancy was due to the higher 
compressibility of the gas at the lower flow rate as well as dead volume in the tubing used in the 
experiments, neither of which were accounted for in the simulation. Vafaei et al. (2010, 2011) 
further refined this analysis by describing the bubble as a system of first-order ordinary 
differential equations (ODEs) and solving these ODEs using a 4th-order Runge-Kutta method. 
The theoretical analysis was validated with the experimental analysis of bubbles using high-
speed cameras for analysis. 




While such analyses are interesting, they all possess a major limitation, namely, they only work 
for relatively low flow rates to the needle manifold. Vafaei et al. (2010) for instance limited the 
analysis to gas flow rates between 0.015 and 0.83 ml/min. Such a limitation is crucial in order to 
limit the drag force on the formation of the bubbles to low Reynolds number Stokes drag. For 
higher flow rates, this analysis would only apply to bubbles in high-viscosity fluids. 
The objective of this investigation is to analyze the formation of a bubble at the tip of a hollow 
micrometer-sized needle at high flow rates. A set of experiments would then be conducted to 
either validate or disprove the theoretical predictions. 
A.3     Important bubble parameters 
Before proceeding any further, it is worthwhile to gain an understanding of the parameters that 
govern the characteristics of equilibrium bubbles. In the case of the formation and propagation of 
single bubbles, the main parameter is the capillary length a (Zhang and Thoroddsen 2008). The 
characteristic diameter also needs to be defined for bubbles that are not perfectly spherical.   
A.3.1    Capillary length, a 







----- a(i)  
where is σ the coefficient for surface tension, ρ is the density of the liquid, and g is the 
gravitational acceleration. For a given liquid, there exists a critical value of a for which the 
bubble shape can maintain its spherical shape without any appreciable deformity. For water, this 




critical value is 2.7 mm, whereas aqueous glycerine solutions yield a critical value of around 2.4 
mm (Zhang and Thoroddsen 2008). 
A.3.2    Bubble surface area A and characteristic diameter di 
It is recognized that not all bubbles are perfectly spherical, and a need to properly quantifying the 
characteristic diameter of a non-spherical bubbles was recognized. Here the characteristic surface 
area A of the interface between each bubble and the surrounding liquid is given by 
zx ddA p=  ----- a(ii) 
Here dx and dz are the bubble diameters in the horizontal x and vertical z axes respectively 
(McGinnis and Little, 2002). The characteristic diameter di stems directly from A. Its formula is 
given by  
p
Ad i =  ----- a(iii) 
 
It was found that this formula was applicable to a wide range of bubble shapes. While McGinnis 
and Little (2002) did not explicitly state its validity for extremely non-spherical bubbles such as 
spherical cap bubbles, Coppus et al. (1977) successfully used similar principles for quantifying 
the characteristic diameter of spherical cap bubbles. 
A.3.3    Bubble shapes 
Several bubble shapes have been identified for different conditions. As was previously 
mentioned, there exists a maximum capillary length a before the bubble becomes too deformed 




to be considered as a perfect sphere. By far the most common shapes are (in increasing bubble 
size) spherical, ellipsoidal, and spherical cap (Figure A.1). 
   
Figure A.1: Bubble shapes (a). Spherical (b). Ellipsoidal (c). Spherical Cap. Adapted from Bhaga 
and Weber (1981). 
 
The bubble shapes can play an important role in their propagation through water. Their drag 
characteristics can be very different, and this factor directly affects the wake trailing behind the 
rising bubbles (Bhaga and Weber 1981). In addition, different bubble shapes can have a direct 
impact on the buoyancy velocity characteristics of the rising bubbles (Li and Yapa 2000). The 
shape of the bubbles have been found to be governed by the bubble Eotvos number EoB and the 










  ----- a(vi) 
Here g is the gravitational acceleration, Δρ is the difference in density between air and water, ρa 
is the density of air, dSM is the previously-defined Sauter-mean diameter, vc the rise velocity of a 
bubble, and μ the dynamic viscosity of water. The exact relationship between EoB and ReB in 
determining the shape of the bubble is highly complex and cannot be described in exact 




theoretical terms. Clift et al. (1978) created a schematic that roughly gives the shape of the 
bubble for a given values of EoB and ReB. Knowing the values of EoB and ReB for any given 
bubble, one may refer to this schematic to deduce the possible shape of the bubble. 
A.3.4    Characteristics of a one-dimensional bubble plume  
In conducting an investigation into the production of bubbles from submerged nozzles, it was 
thought that the stream of bubbles produced could be more accurately described as a plume. 
One-dimensional plumes refer to plumes that are released from a single point source far away 
from other point sources, and vary only in the vertical z-axis. Different researchers have different 
ways of characterizing one-dimensional bubble plumes released in stratified water. Research into 
one-dimensional plumes has been ongoing for decades, and there is a wealth of literature on the 
subject. Schladow (1993) defined two different parameters for the characterization of bubble 
plume, M and C. Since C deals with stratified water bodies, it is not applicable in our case and 
















The individual parameters that make up M are given in Table A.1. Figure A.2 is a rough diagram 
that  briefly describes some of the parameters in Table A.1.  





Figure A.2. Water entrainment as a result of a one-dimensional bubble plume. 
Parameter Definition Value Parameter Definition Value 











total head at 
base of 
container 




pressure 1.013 x 10




water depth of 









water head of 
atmospheric 
pressure 






 density of water 1000 kg m
-3  
Table A.1: The parameters that make up M. From Schladow (1993). 















M relates the strength of the bubble plume source to the total pressure head. A large value of M 
would indicate that the bubble plume has a large capacity for entraining surrounding water into 
itself. The reverse is true should M be small. While there is no specific quantity of M for which 
the degree of entrainment can be considered ‘large’, M is useful as a basis of comparison for the 
degree of entrainment across different flow rates and needle depths. 
A.3.5     Sauter-mean diameter, dSM 
While di is a sufficient characteristic diameter for singular non-spherical bubbles, for a given 
sample of bubbles, we need to identify a mean characteristic diameter as not all the bubbles may 
have the same diameter. In the case of multiple bubbles, as is the case in a bubble plume, 



















-----  a(iv) 
Here n is the number of bubbles in the sample that is taken. For any bubble plume, past research 
has suggested that n = 20 would be a suitably representative sample of the plume (McGinnis and 
Little 2002). 
 














This is the Reynolds number for the plume based on the depth of the bubble plume source h and 
the air flow rate Q0. A turbulent bubble plume allows for greater entrainment of ambient liquid 
into the plume compared to a laminar plume. However, if the plumes to be considered are all 
already sufficiently turbulent, Rep becomes less important as a change of Rep in the turbulent 
regime would not significantly affect the degree of entrainment. Dai et al. (1994) considers Rep = 
2500 to be the start of well-defined plume turbulence. 
A.4 Theoretical Analysis 
A.4.1    Slow bubbles Stage I: Formation of bubble at the capillary tip 
Similar to the work of Krishnamurthi et al. (1968), we consider the formation of a bubble as a 
two-stage process. Stage I deals with the formation of an air pocket from a small hemispherical 
micro-bubble to that of a near-spherical bubble. There are four different types of forces acting on 
the spherical bubble as it is being formed. The buoyancy force on the bubble FB is the only 
upward force. FB is balanced by the bubble weight WB, the surface tension between the bubble 
and the needle point FS, and the hydrodynamic drag FD (Figure A.3). 
 
Figure A.3: The force balance on the spherical bubble (Stage I) 




The force balance could thus be stated as 
DSBB FFWF ++=  ------ (b) 
We define ve as the outward velocity of the bubble surface as it is being inflated. If Q is the gas 






=  ----- (c) 
Krishnamurthi et al. (1968) defined the drag force FD as Stokes drag, or 
esD vrF mp6=  ----- (d) 
This drag force applies to the situation where Reynolds number of the inflating bubble is less 
than 1, which corresponds to flow rates of up to 0.4 ml/min for 25-gauge hypodermic needles. 
The corresponding flow rate for the other gauges of hypodermic needles (of internal radius R) 
was found to be highly similar. We thus make use of this flow rate as the cut-off point between 
slow and fast bubbles. 
Reducing the four types of forces in Equation (b) into base units and rationalizing the result, we 
have 
grvrR glseS )(3
462 3 rrpmpsp -=+
 
----- (e)           for Res < 1 
The surface tension term 2πRσ is in reality more complicated in light of the fact that a triple 
interface consisting of air, steel and water is involved (Barnes and Gentle 2011). It should be 




multiplied by a sin θ term to reflect the contact angle θ between the air bubble and the needle tip. 
However, the contact angle for stainless steel, which is the material the needles are made of, has 
been found to be around 70 - 75° (Vafaei et al. 2011, Kim et al. 2006). This gives a value of sin θ 
close to 1, allowing 2πRσ to be used with negligible error. Previous reported studies 
(Krishnamurthi et al. 1968, Corchero et al. 2006) have also used 2πRσ without accounting for the 
contact angle. 




sS rV p=  ----- (f) 
  
A.4.2     Slow bubbles stage II: Rise and Detachment of Bubble 
Stage II deals with the rise of the bubble while still being attached to the capillary by a short 
column of air, followed by the final detachment of the bubble from the capillary and air column. 
Figure A.4 illustrates this process. 
 
Figure A.4: (a) The rise of the bubble while still attached to the needle capillary by a short air 
column, and (b) the detachment of the bubble, leaving behind a small residual hemispherical 
bubble 




Previous reported studies (Krishnamurthi et al. 1968, Vafaei et al. 2010) noted in experiments 
that the bubble would rise by a small amount while still attached to the needle capillary by a 
short column of air (Figure A.4a). As the bubble rises, it accelerates.  The bubble would then 
eventually detach from the air column, leaving behind a hemispherical residual bubble at the 
needle capillary opening (Figure A.4b). As the bubble rises to its detachment point, since it is 
accelerating, it experiences a net force. If we assume that the bubble rises at a slow rate and that 




gl mprr 6)()( --=  ----- (g) 
Here m is the mass of the bubble and r is its radius. While m and r are functions of time, 
Krishnamurthi et al. (1968) and Corchero et al. (2006) claim that both may be taken to be 
constants equal to the radius and mass at the end of Stage I. This assumption is based on the 
observation that for low flow rates over a short period of time, the mass and radius do not change 
significantly. 
As a result of this assumption, srr =  and gsrm rp
33/4= at this point. This assumption is later 
supported by our experiments which show very little variation between the bubble size at the end 
of Stage I and the rise of the bubble. Subsequently the analysis of equation (g) is greatly 
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Where 















For the boundary condition v(0) = vc.
 










æ-+--= ))((1 22  ----- (k) 
We define the elapsed time between the end of Stage I and the final detachment of the bubble to 
be tc. At t = tc, Krishnamurthi et al. (1968) assumes that the detachment of the bubble occurs 
when its velocity is equal to the expansion velocity of the residual hemisphere, defining the 
velocity of the bubble vc to be equal to 
d t
d rvv hc +=  ----- (l) 
Where vh is the rise velocity of the residual hemispherical bubble, and dr/dt is the rate of change 
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The final bubble volume VF can be defined as the sum of the bubble size at the end of Stage I and 
the additional added volume during the bubble rise in Stage II. VF can be determined from the 
equation 
cSF Q tVrV +==
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4 p ----- (n) 
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From equation (p), the rise time tc can be obtained. We can thus obtain the final bubble volume 
VF from equation (n). 
A.4.3     Fast bubbles Stage I: Formation of bubble at the capillary tip 
For high flow rates, we make use of a modified version of the previous analysis to account for 
the different level of drag experienced by the bubble. It is known that a particle with fluid 
flowing around it experiences Stokes drag when its Reynolds number is below approximately 
1.0. In the case of an expanding bubble at the tip of a 25-gauge needle, this condition is achieved 
for air flow rate below 0.4 ml/min. Above this threshold flow rate a different type of drag has to 




egsDD vrCF rp=  ----- (q) 
Equation (q) can now be defined as 
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sS rV p=  ----- (s) 
A.4.4     Fast bubbles Stage II: Rise and detachment of bubble 
As with the previous analysis for low flow rates, we make the assumption that the bubble 
accelerates upwards while still being attached by the means of a short air column. In this case, 
the force balance on the attached rising bubble can be described as 
22
2




The exact solution of this ODE is exceedingly complex and involves Airy functions. To simplify 
our analysis, we make use of the assumption that for the drag term, v = vc. It is our reasoning that 
as the air column rises, it ‘pushes’ the bubble at its top end with the same speed as the air flows 
through the needle. Experimental observations in the next section also appear to support this line 
of reasoning.
 
The ODE thus reduces to 
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For the boundary condition v(0) = vc. 
The solution of (u) is 
CC vK tvJ tv ++=
22
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vvK tJ t  ----- (y) 
The solution for tc for equation (y) can be used to solve equation (n) to find the final bubble 
volume. While equation (y) has eight possible solutions at each flow rate, six of them were 
rejected on the basis that four of them were complex functions, and another two were negative 
real numbers. The two possible real positive solutions are given in Figures A.5(a) and A.4(b) for 
30G needles. The second solution shown in Figure A.5(b) was rejected on the grounds that it 
would lead to an increasing tc with increasing gas flow rate. This would lead to an improbable 
situation where the bubble in Stage II rises slowly with a very long and thin air column attached 
to its tail at high gas flow rates. Our experiments in the next section also rule out the possibility 
of such a situation.  





Figure A.5a. The first possible solution for tc for fast bubbles. 
 
 
Figure A.5b. The second possible solution for tc for fast bubbles. 
 
In solving tc for fast bubbles, we thus have to consider both possible solutions at each flow rate 














Gas Flow Rate, ml/min













Gas Flow Rate, ml/min




A.5     Solutions of theoretical analysis 
The transcendental equations in the previous section were solved using MATLAB (Version 9) 
for seven different needle gauges (21G, 22G, 23G, 25G, 27G, 30G, 31G). These needles have 
internal diameters of 514 μm, 413 μm, 337 μm, 260 µm, 210 μm, 159 μm, and 133 µm 
respectively (Rice 2011).  
A.5.1     End of Stage I 
At the end of Stage I, the variation of the theoretical bubble volume with the gas flow rate 
follows an excellent two-degree polynomial relationship (0.9996 < R2 < 0.9804) (Figure A.6). At 
flow rates up to 10 ml/min, the bubble volume varies very little with the volume flow rate. 
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The implication of Figure A.6 is that as the gas flow rate is reduced, the bubble volume produced 
tends towards a minimum value (11.85, 8.84, 7.58, 6.03, 4.88, 3.68, and 3.07 mm3 respectively 
for 21G, 22G, 23G, 25G, 27G, 30G, and 31G). Since it is impossible for a bubble to be formed at 
zero gas flow rate, these values are asymptotic and represents the minimum size a bubble can be 
formed for any given flow condition. 
A.5.2     End of Stage II 
The variation of bubble diameter with gas flow rate at the end of Stage II is given in Figure A.7. 
 
Figure A.7: The variation of bubble volume with the volume flow rate at the end of Stage II. 
 
At the end of Stage II, as with Stage I there is an excellent two-degree polynomial relationship 
between the bubble volume and the gas flow rate (0.9812 < R2 < 0.9998). There are some minor 
variations from this relationship, particularly at flow rates between approximately 0.2 and 0.4 
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around the bubble is transitional. In this case the bubble can neither be easily described as being 
purely laminar or purely turbulent, making the use of Stokes drag for these flow rates 
questionable. 
Figure A.7 indicates that with increasing needle orifice diameter (or decreasing needle gauge), 
the increase of the bubble volume with increasing flow rate becomes less significant. This 
observation suggests that flow rate becomes a less significant factor in bubble size as the orifice 
size increases. The figure also suggests that there is very little difference between the bubble 
volumes at the end of Stage I and Stage II, particularly at high flow rates. Unless a very high 
degree of accuracy is necessary, the solution to Stage I should suffice for most situations, 
considering that the graphical analysis of Figures A.6 and A.7 gives rise to very similar 
mathematical expressions. From these figures we can also infer a linear relationship between the 
needle diameter and the bubble volume independent of flow rate when the flow rate is below 10 
ml/min (Figure A.8). 
 
Figure A.8: The relationship between minimum bubble volume (in mm3) and needle internal 
diameter (in μm) 
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It is to be noted that the graph in Figure A.8 is based only on theoretical data for needles of 
gauges 21G – 30G and may not represent the true relationship between bubble volume and the 
needle internal diameter for all needles from 7G to 33G. The theoretical analysis should be 
applied to several other needle internal diameters to further validate Figure A.8.  
A.6     Experimental analysis 
A bubbling manifold was set up in a glass tank (300 x 300 x 500 mm). The manifold was 
attached to the top of a pedestal whose height can be adjusted such that the vertical distance h of 
the needle tip below the water surface was kept constant at 30 mm throughout (Figure A.9). Air 
was supplied to the manifold by the means of a syringe pump that could provide flow rates 
between 0.01 and 48 ml/min. The rise of the bubbles through the water was recorded with a 
Basler a504k high-speed camera (Basler Vision Technologies AG, Germany) capable of 
operating at up to 500 frames per second with an exposure time of 2.0 ms. The high-speed 
camera itself was controlled by a customized National Instruments LabView software to allow 
for bubble size and velocity measurements. 
 
Figure A.9: The experimental setup 




The syringe pump was switched on and a video with a recording speed of 500 fps and a playback 
speed of 10 fps was taken for the flow rates of 0.01, 0.1, 0.5, 1.0, 5.0, 10.0, 20.0, 35.0, and 48.0 
ml/min. The upper and lower limits of the flow rate were set by the technical limitations of the 
syringe pump.  The bubble diameters were then manually measured with digital vernier calipers. 
A metal ruler placed on the same plane as the needle provided a reference scale for these manual 
measurements. As there are bounds for the variations of the sizes of the bubbles in each bubble 
stream, we made use of the previously-defined Sauter-Mean diameter dSM for 20 bubbles. 
 












æ=  ----- (z) 
The experiment was conducted for four different needle gauges used in the theoretical analysis: 
21G, 25G, 30G, and 31G. Needles with flattened tips were used to ensure that the diameter at the 
needle tip was equal to the needle bore. 
A.7     Experimental results 
The comparison of experimental results to the theoretical analysis is given in Figure A.10 for 
31G needles. 





Figure A.10: The theoretical and experimental variations of bubble diameter vs volume flow rate 
for 31G needles. The experimental values refer to the Sauter-mean diameter dSM. 
 
As shown from Figure A.10, there appears to be little variation in the bubble diameter up to a 
flow rate 10 ml/min. After this point the bubble diameter increases almost exponentially. The 
error bars represent the standard deviation of the twenty readings taken for each data point. The 
standard deviation ranges between 2.8 and 5.1% of the Sauter-mean for bubble volumes. These 
tolerances are similar to those reported by Krishnamurthi et al. (1968). 
Similar results were obtained for the other needle gauges. Figures A.11 and A.12 show the 
corresponding graphs for the bubbles produced by 25G and 30G needles. From these graphs it is 
shown that the experimental values for the 25G and 30G needles are close to the theoretical 
predicted values, with standard deviations being 1.43 to 2.70% of the mean for 25G, and 0.69 to 
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Figure A.12: The theoretical and experimental variations of bubble volume vs air flow rate for 
30G needles. 
In the case of the 21G needle, the experimental values were found to be between 60 and 200% 
higher than their expected theoretical predicted values, with correspondingly-high standard 
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Figure A.13: The theoretical and experimental variations of bubble volume vs air flow rate for 
21G needles. 
 
The most probable reason for this anomalous observation is that the theoretical work assumes 
that the bubbles that are formed are all perfectly spherical. At relatively small needle diameters 
(25G and above), this assumption is generally observed to be accurate. At larger diameters, 
though, the bubbles tend to be ellipsoidal or spherical cap (Figure A.14), particularly at higher 
flow rates. 
 
Figure A.14: An ellipsoidal bubble (bottom) and a spherical cap bubble (top) produced by the 
21-gauge needle. 
With reference to Section 5.3.3, Eo varies little with gas flow rate for a given needle internal 
diameter. Eo takes the value of about 1.0, 0.7, 0.6, and 0.4 for 21G, 25G, 30G, and 31G needles 
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respectively. The exact relationship between Eo and Re in determining the shape of the bubble is 
highly complex and cannot be described in exact theoretical terms. As was previously-
mentioned, Clift et al. (1978) created a schematic that roughly gives the shape of the bubble for a 
given values of Re and Eo. From our calculations in equations a(iv) and a(v) and referring to this 
schematic, we can infer that most of the bubbles created by the 21G needle are wobbly and 
highly-unstable in nature. As for the other needle gauges, though, the bubbles tend to be 
spherical and are at most slightly ellipsoidal at higher flow rates. This was indeed the observation 
that was made in our experiments. 
The capillary length a defined in Section A.3.1 also lends credence to this hypothesis. With 
reference to Section A.3.1, the characteristic capillary length for bubbles in water is 2.7mm. 
Bubbles larger than this length are too far from being spherical. The minimum diameter for 
bubbles produced from a 21G needle is 2.828 mm, which is beyond this characteristic length. 
The highly-unstable shapes of the bubbles created by the 21G needle might thus explain the large 
discrepancy between the theoretical and experimental values. This factor may also explain the 
large range of bubble sizes observed at each flow rate. 
Entrainment of the surrounding water into the bubble stream was considered as a possible cause 
of bubble deformation at higher flow rates. With reference to the fluid entrainment parameter M 
(equation a(vi)), the degree of entrainment follows a linear trend with increasing flow rate since 




h is constant for all flow rates and needle sizes. At high flow rates we could thus expect to find a 
high degree of entrainment of the surrounding fluid, leading to more unstable bubble shapes. 
However, M by itself does not give the full picture of the degree of entrainment. For a more 
complete analysis we can examine the plume Reynolds number ReP given earlier in Section 
5.3.6. As was previously mentioned, Dai et al. (1994) defined ReP = 2500 as the lower limit for 
significant liquid entrainment into the bubble stream. However, in our experiments ReP was at 
most 5.5 even at the highest flow rates, making it extremely unlikely for bubble deformation to 
occur through this process. Bubble deformation is thus caused less due to fluid entrainment and 
more due to the bubble size. We thus propose that this method for determining the size of 
bubbles formed by submerged needle nozzles can only work when the bubbles are perfectly 
spherical, or at least nearly so. In the case of water as the working liquid, the capillary length of 
2.4 mm can be regarded as the maximum bubble diameter for this method to work.   
There are several limitations to this work which could be addressed in future investigations. 
Firstly, the needles used in the experiments had their tips manually filed-down. While great care 
was taken to ensure the flatness of the needle tips after the filing process, there may still be an 
element of curvature at the needle tip which might affect the surface tension factor in the 
formation of bubbles. Also, the bubbles were measured manually using digital vernier calipers. 
This method introduces a small amount of uncertainty in the measurement of bubble sizes due to 
the human judgement required to determine the interface between air and water. It is also a time-




consuming method since both the horizontal and vertical diameters of twenty different bubbles 
have to be measured for each reading. An automated imaging program that can quickly measure 
bubble sizes to a greater degree of accuracy could be used in the future.   
A.8     Conclusion 
We have thus arrived at a satisfactory theoretical model for bubble creation at flow rates up to 48 
ml/min. This model has been tested for four needle orifice diameters. While these experimental 
values are reassuringly close to the theoretical values, caution has to be placed as the bubbles 
were individually measured in a manual manner. While great efforts were put in place to ensure 
accuracy, an element of human judgement is still present in the measurement of the bubble 
diameters. 
Also, there is the possibility that some bubbles may have drifted onto a plane of reference 
different from that of the reference ruler. This occurrence would lead to inaccurate readings due 
to some bubbles being closer or further away from the reference ruler. Efforts were made to 
measure only those bubbles that were in the same plane as the reference ruler. It may be argued 
that a plastic shield could be placed directly behind the needle manifold to ensure that the 
bubbles would always be on the same plane as the reference ruler as they slide up this shield. 
However, this act might have the detrimental effect of deforming the bubbles as they slide up the 
plastic shield. 
The theoretical and experimental results also do not appear to concur with the experimental 
results reported by Parini and Pitt (2005, 2006) using a 25G needle. Our investigation shows that 
a 25G needle would be expected to produce bubbles of a minimum volume of 6.0 mm3, which 




corresponds to a diameter of 2.255 mm. This diameter is two orders of magnitude greater than 
the 205 μm reported by the authors. It may be argued that the observations of Parini and Pitt are 
the result of the breakup of large bubbles into smaller satellite bubbles. However, for such a 
condition to occur, the original bubbles would have to be very large to begin with. Wichterle et 
al. (2005) claimed that the minimum bubble volume for spontaneous breakup in water is 0.2 cm3, 
which corresponds to a minimum bubble diameter of 7.26 mm. For such large bubbles to be 
formed, a flow rate of over 700 ml/min has to be passed through the 25G needle. The breakup 
also tends to be chaotic, with some bubbles breaking up and others failing to do so. The bubbles 
that do break up would tend to split into two similarly-sized bubbles, each of which having a 
volume of around half of that of the original bubble. With all these points in mind, it appears to 
be highly unlikely for bubbles on the order of hundreds of micrometers to be in diameter to be 
formed through this mechanism. 
As the experimental analysis is both time- and labour-intensive, we have thus far tested this 
theoretical model for only four orifice diameters, and for flow rates only up to 48 ml/min. The 
theoretical analysis could also be further refined by factoring in the compressibility of the air 
flow, particularly at low flow rates. Further experimental investigations into other orifice 
diameters are needed to aid in the validation of this model. 
In the meantime, the applications of this particular investigation have been applied to another 
field of research apart from the current overarching investigation into the removal of surface 
contaminants. Pneumatic retinopexy is an ophthalmic surgical procedure for sufferers of minor 
rhegmatogenous retinal detachment (Conolly and Regillo 2009). This surgical procedure 
involves the injection of a small gas bubble directly into the eyeball using a 25G, 27G, or 30G 




needle (Bourla et al. 2007). The gas bubble floats upward and pushes the detached retina back 
into place. Between 0.3 and 0.5 ml of gas is injected into the eye while the patient is lying 
supine. Ideally only one large bubble should result from the injection as multiple small bubbles 
may lead to deleterious consequences for the patient (Mohamed and Lai 2000). 
The results of the investigation in this chapter found that every needle gauge had its own 
minimum gas bubble volume below a flow rate of 10 ml/min, and that a needle with a larger 
internal diameter would produce larger bubbles for the same flow rate. We applied these findings 
to conclude that the optimum way of conducting pneumatic retinopexy was by injecting the gas 
as quickly as possible using the coarsest needle that could be tolerated by the patient without any 
harmful physical effects.    
The investigation on bubble production in this chapter has since been sent to Physics of Fluids 
for review (manuscript number MS #12-1056). The study of the applications of this investigation 
in pneumatic retinopexy procedures in ophthalmology have also been submitted to Current Eye 
Research for review (manuscript number NCER-2012-0405) at the time during the drafting of 
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